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–Summary in Dutch–
Aandacht voor energie efficie¨ntie van gebouwen is de laatste jaren sterk
toegenomen, zowel voor nieuwe constructies als bestaande gebouwen [1, 2, 3, 4].
Door de verhoogde isolatiegraad en luchtdichtheid in gebouwen, daalt ook
de warmtevraag wat leidt tot een reductie in het vermogen van de centrale
verwarmingseenheden. Door het continue streven naar een verlaging van de
warmtevraag voor gebouwen, hebben warmtepompen aan populariteit gewonnen
als verwarmingsunits [5].
Verschillende warmtepomptypes bestaan, een onderverdeling wordt gemaakt
op basis van de warmtebron (bvb. lucht, grond of water) en het te conditioneren
medium (bvb. lucht of water). Grondgekoppelde warmtepompen onttrekken
warmte aan de ondergrond/grondwater, hun installatie vergt vrij veel grond
oppervlak en is relatief duur. Door deze redenen worden warmtepompen
die warmte onttrekken aan de buitenlucht zeer frequent geı¨nstalleerd, ondanks
het feit dat de grondgekoppelde warmtepompen een hogere gemiddelde COP
(coefficient of performance) hebben [5, 6]. Voor dergelijke luchtgekoppelde
warmtepompen bestaat de verdamper uit een compacte buis-vin warmtewisselaar
(Figuur 1.1). In dit type warmtewisselaars stroomt er typisch een koelmiddel
door de buizen en wordt lucht over het bevinde buitenoppervlak van de buizen
gestuurd. Om de compactheid van de warmtewisselaar te bevorderen worden
de buizen ervan opgeplooid in een opeenvolging van rechte kanalen en scherpe
180○ bochten. Dergelijke bochten worden typisch gekarakteriseerd door hun
krommingsverhouding 2R/D, waarin R de straal van de bocht voorstelt en D de
diameter van de buis. De omkeerbochten in compacte buis-vin warmtewisselaars
hebben doorgaans een zeer kleine krommingsverhouding, in dit geval spreekt men
over ’scherpe’ bochten.
De aanwezigheid van deze bochten heeft een invloed op het stromingsgedrag
stroomopwaarts en stroomafwaarts van de bochtsectie. In het geval van tweefasige
gas - vloeistof stroming, kan het verschil in stofeigenschappen tussen de twee fasen
leiden tot een significante verstoring van het stromingsgedrag in en in de buurt
van de bochtsectie. Gezien de sterke link tussen tweefasig stromingsgedrag en de
tweefasige drukval en warmteoverdracht in de warmtewisselaar, is het van belang
om een beter inzicht te verkrijgen in het verband tussen de bochtgeometrie en de
intensiteit en uitgestrektheid van de verstoring van het stromingsgedrag als gevolg
van de aanwezigheid van een omkeerbocht. Dit inzicht kan leiden tot een betere
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ontwerpmethodiek voor dergelijke compacte warmtewisselaars.
Eerst wordt een overzicht geboden van de beschikbare literatuur over tweefasig
stromingsgedrag en drukval in en in de nabijheid van een scherpe omkeerbocht.
Over het algemeen is het aantal studies over tweefasige koelmiddelstroming door
gebogen buizen met een kleine diameter zeer beperkt. Daarom wordt literatuur
rond water-lucht stroming in een scherpe bocht met een kleine buisdiameter
eveneens besproken. Voor het stromingsgedrag specifiek, beperken de meeste
studies zich tot stromingsvisualisaties, wat enkel kwalitatieve informatie geeft
over het effect van een scherpe bocht op het tweefasige stromingsgedrag. Voor
de tweefasige drukval wordt doorgaans alleen de drukval in de bochtsectie zelf
gemeten en niet zozeer in de rechte secties stroomopwaarts en stroomafwaarts van
de bocht. Verder wordt er in de literatuur vaak gefocust op alleen de drukval of het
stromingsgedrag, een link tussen beide wordt slechts zeer weinig gemaakt.
Een bestaande testopstelling bestemd voor tweefasige stromingen en
drukvalmetingen van fluorkoolwaterstof koelmiddelen (HFK) op macroschaal
werd tijdens dit werk omgebouwd om de nodige metingen mogelijk te maken.
Deze opstelling is geschikt voor zowel hoge als lage druk HFK’s, tests zijn
mogelijk bij werkingsdrukken tot 4 MPa. Het koelmiddel wordt in een
waterverwarmde voorverdamper geconditioneerd tot een bepaalde dampfractie.
Twee aparte testsecties werden ingebouwd in deze opstelling: e´e´n om het
tweefasige stromingsgedrag in de nabijheid van de bocht te bestuderen en e´e´n
voor de tweefasige drukval stroomopwaarts en stroomafwaarts te meten. Een
capacitieve void fractie meter wordt gebruikt om het tweefasige stromingsgedrag
te bestuderen. Deze sensor werd in een voorgaand doctoraatswerk ontwikkeld aan
de onderzoeksgroep. De void fractie is een belangrijke parameter in tweefasige
stroming, het wordt gedefinieerd als de verhouding van de buisdoorsnede die
ingenomen wordt door de gasfase tot de totale buisdoorsnede. Door het verschil
in die¨lektrische constante tussen beide fasen, zal de capaciteit van de stroming
veranderen met een veranderende void fractie. Door de niet-uniformiteit van het
elektrisch veld, verandert de capaciteit echter niet lineair in functie van de void
fractie. Bijgevolg kan het originele sensorontwerp slechts een indicatie geven van
de void fractie. In dit werk werd een kalibratiestrategie ontwikkeld die toelaat om
de void fractie te bepalen op basis van de gemeten capaciteit. Een patentaanvraag
werd ingediend voor deze void fractie meettechniek.
Vijf verschillende bochtgeometriee¨n worden getest in dit werk: drie met een
buisdiameter van 8 mm en stralen van 11 mm, 12.5 mm en 15.8 mm en twee
geometriee¨n met een buisdiameter van 4.83 mm en stralen van 7.8 mm en 10.7 mm.
Voor alle metingen wordt het bochtvlak verticaal geplaatst en voor elke geometrie
worden de metingen bij zowel opwaarts als neerwaarts georie¨nteerde stroming
uitgevoerd. Voor elke configuratie wordt de capaciteit en de drukval gemeten op
verschillende locaties stroomopwaarts en stroomafwaarts van de omkeerbocht. De
metingen worden uitgevoerd voor koelmiddel R134a, bij massafluxen tussen 200
kg/m2s en 500 kg/m2s en een dampfractie tussen 0 en 1.
Op basis van de capaciteitsmetingen wordt de evolutie van de void fractie
stroomopwaarts en stroomafwaarts van de bochtsectie bepaald. De void fractie
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wordt beı¨nvloed door de verhouding van de snelheid van de fasen. Een verandering
in de void fractie is dus een indicatie dat deze verhouding veranderd is. Naast de
void fractie wordt ook de wavelet variantie bepaald voor elke capaciteitssignaal.
De wavelet variantie voor een bepaalde schaal geeft een indicatie van de totale
variabiliteit bij deze schaal. Een verandering in de wavelet variantie geeft dus
aan dat de stromingsfenomenen geassocieerd met deze schaal beı¨nvloed worden.
In dit werk wordt de wavelet variantie bepaald op basis van een Maximum
Overlap Wavelet Transformatie (MODWT) en de gebruikte wavelet functie is de
Daubechies D8 wavelet. Een kleine introductie over wavelet transformaties wordt
gegeven in dit werk om de keuze voor MODWT te verduidelijken. Ten slotte wordt
er ook een methode voorgesteld om het tweefasige stromingsregime te bepalen op
basis van de wavelet variantie. Dit kan gebruikt worden als een input voor de
bepaling van de void fractie, de kalibratie methode is immers stromingsregime
afhankelijk.
De gemeten drukval is de som van drie componenten: drukval door
hoogteverandering, drukval door impulsverandering en drukval door frictie.
Gezien de drukval steeds wordt gemeten over een horizontaal kanaal is de eerste
component nul. De drukval door impulsverandering kan bepaald worden op basis
van de variantie van de void fractie over de testsectie en vervolgens wordt de
drukval door frictie bepaald als het verschil van de gemeten drukval en de drukval
door impulsverandering. De drukval door frictie wordt vervolgens gelinkt aan het
tweefasige stromingsgedrag onder de vorm van de void fractie verandering en de
wavelet variantie.
Meteen stroomafwaarts van de bocht is het effect op de drukval het grootste.
Verder stroomafwaarts of stroomopwaarts is het effect van de omkeerbocht zeer
beperkt. Voor neerwaarts georie¨nteerde stroming wordt een daling in drukval
geobserveerd meteen stroomafwaarts van de omkeerbocht. In dit interval wordt
tevens een stijging in de void fractie geobserveerd en een daling in de wavelet
variantie. Beide effecten wijzen op een verlaagde drukval. Voor opwaarts
georie¨nteerde stroming wordt een beperkte stijging in de drukval geobserveerd,
dicht bij de bocht uitlaat en over een beperkt dampfractie interval. Voor deze
orie¨ntatie van de stroming werd een beperkte daling in void fractie vastgesteld.
Verder vertoont de wavelet variantie aan de uitlaat van de omkeerbocht een
stijging voor lage dampfracties en een daling voor hoge dampfracties. Bij hogere
dampfracties wordt een stijging in de wavelet variantie vastgesteld voor zo goed
als alle dampfractie waarden. Zowel de trends in de void fractie als de trends
in de wavelet variantie kunnen gelinkt worden aan de drukval door frictie. Voor
de geteste kanaaldiameters en bochtradii blijkt de diameter van het kanaal de
belangrijkste invloed te hebben op het bochteffect. Wanneer de kanaaldiameter
wordt verkleind, daalt het bochteffect meer dan wanneer de straal van de bocht
wordt vergroot bij gelijke kanaaldiameter. Dit is een gevolg van een verhoogde
relatieve invloed van de oppervlaktespanning.

English summary
In recent years, energy efficiency has become an important topic in new buildings
as well as in the renovation of existing constructions [1, 2, 3, 4]. Due to the
improvement of the insulation and air-tightness of buildings over the years, their
heat demand has decreased. Hence, the size of the central heating units used for
indoor heating is also shrinking. In the continuous pursuit to reduce the energy
demand of buildings, heat pumps have gained popularity as domestic heating units
[5]. Several types of heat pumps exist, depending on the heat sources (e.g. air,
ground or water) and heat sinks (e.g. water or air). Ground source and water source
heat pumps require quite some ground space and/or are expensive to install. For
this reason, air source heat pumps are most commonly installed, despite the fact
that ground source heat pumps have a higher average coefficient of performance
(COP) [5, 6]. For such an air source heat pump, the evaporator consists out of
a compact fin-and-tube heat exchanger (Figure 1.1). In these heat exchangers,
typically a refrigerant flows through the tubes and air is drawn over the finned
outside surface of the tubes. To attain a compact design of these heat exchangers,
fins are added at the airside and the tubes through which the refrigerant flows are
folded up into hairpin tubes. Such a hairpin tube is shown in Figure 1.1, it consists
out of two straight tubes interconnected by a 180○ bend. These bends are typically
characterized by a curvature ratio 2R/D, in which R is the radius of curvature of
the bend and D is the inner diameter of the tube. Bends with a small curvature
ratio are designated as ’sharp’ bends, in compact fin-and-tube heat exchangers the
U-bends are generally quite sharp in order to attain a high compactness.
The presence of these bends has an influence on the flow behaviour up- and
downstream of these bends. In case of two-phase flow, the difference between the
properties of the phases can lead to a significant distortion of the phase distribution
in and in the vicinity of the bend. Since there is a strong link between the flow
behaviour and the pressure drop and heat transfer in the heat exchanger, it is
important to gain more insight in the link between the bend geometry and the
intensity and extent of the disturbance of the flow behaviour and the resulting effect
on the two-phase flow pressure drop. This will lead to better design methods for
compact heat exchangers for domestic applications.
First a detailed summary is given of the available literature on two-phase flow
behaviour and pressure drop in and in the vicinity of a sharp (return) bend. In
general, the number of studies dealing with two-phase refrigerant flow through
small-diameter bent channels are very limited. For that reason, studies considering
air-water flow through sharp small-diameter return bends are also considered.
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Studies on the effect of a sharp return bend on two-phase flow are almost all
based on the (visual) analysis of flow visualisations, rendering only qualitative
information. Studies on the effect of a sharp return bend on two-phase flow
pressure drop are mainly concerned with the pressure drop in the bend section
itself, only a very limited number of the studies considers the pressure drop up- and
downstream of the return bend. Finally, most studies consider either the two-phase
flow behaviour or the two-phase flow pressure drop, an actual link between the two
is rarely made.
An existing macro-scale test facility for two-phase flow and pressure drop
studies of hydrofluorocarbons (HFCs) was altered during this work to facilitate for
the necessary measurements. It is suitable for low pressure as well as high pressure
HFCs (up to 40 MPa). A water heated preheater is used to condition the refrigerant
flow to the test section. Two test sections are incorporated into this set-up: one to
study the flow behaviour and one for pressure drop measurements. A capacitive
void fraction sensor is used to study the dynamic behaviour of the refrigerant flow.
This sensor was developed previously at the research group. The void fraction is
an important parameter in two-phase flow, it is defined as the ratio of the channel
cross section taken up by the vapour phase and the total cross sectional area. Due to
the difference in dielectric constant between the phases, the capacitance of the flow
will change as the void fraction changes. This sensor measures the capacitance of
the flow, this capacitance changes as the amount of each phase in the tube changes.
However, due to the non-uniformity of the electric field, the measured capacitance
cannot be directly linked to the void fraction. In this work a calibration strategy
is proposed to determine the void fraction based on the measured capacitance. A
patent application has been filed on the void fraction measurement technique.
Five different bend geometries are tested: three bends with a channel diameter
of 8 mm and radii of 11 mm, 12.5 mm and 15.8 mm and two bend geometries
with a channel diameter of 4.83 mm and radii 7.8 mm and 10.7 mm. These bends
are tested with a vertically oriented bend plane and both upward and downward
oriented flow is tested. For each of these bend geometries and flow orientations,
capacitance traces and pressure differences are recorded at several locations up-
and downstream of the return bend. The measurements are performed for R134a
as a working fluid, at mass fluxes between 200 kg/m2s and 500 kg/m2s and a
vapour quality ranging between 0 and 1.
Based on the capacitance traces, the evolution of the void fraction up- and
downstream of the return bend is determined. The void fraction depends on
the velocity ratio of the phases. Any change in void fraction thus indicates a
change in the relative velocity of the phases to each other which affects the
pressure drop. Next to the void fraction, the wavelet variance is also calculated
for each capacitance signal. The wavelet variance associated with a certain scale
represents the total variability due to changes at that scale. Hence a change in the
wavelet variance indicates that flow phenomena associated with the given scale are
affected. In this work, the wavelet variance is calculated based on the Maximum
Overlap Discrete Wavelet Transform (MODWT) and the wavelet function used is
the Daubechies D8 wavelet. A basic introduction on the wavelet transform and
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the wavelet variance is given in this work to elucidate the choice for the MODWT.
Furthermore, a method to determine the flow regime based on the wavelet variance
is proposed, which can be used as an input to calculate the void fraction, for the
calibration is flow regime specific.
The measured pressure drop is a sum of three components: static head,
momentum pressure drop and frictional pressure drop. Since the pressure drop
is measured in horizontal channels, the first component can be assumed to be
negligible. The momentum pressure drop can be calculated based on the void
fraction measurements along the test section. Hence, the frictional pressure drop
is derived from the measurements. This pressure drop is then linked to the flow
behaviour under the form of the void fraction and wavelet variance. The main
effect is observed close downstream of the return bend. Further downstream
and upstream the bend effect is negligible. For downward oriented flow a
decrease in pressure drop is observed close downstream over a significant vapour
quality range. At this location an increase in void fraction and a decrease in
wavelet variance is observed. Both are consistent with a decreased pressure drop.
For upward oriented flow a limited increase in pressure drop is observed close
downstream of the return bend, for a limited vapour quality range. For this flow
orientation, a slight decrease in the void fraction is observed. Furthermore, close
downstream of the return bend an increase in wavelet variance is observed at low
vapour quality and a decrease at high vapour quality. Further downstream the
wavelet variance is above the reference value for the entire vapour quality range.
Both the void fraction and the wavelet variance behaviour can be linked to the
pressure drop close downstream. Within the range of the tested channel diameters
and bend radii, the channel diameter had the largest effect on the observed bend
effect. Reducing the channel diameter reduced the bend effect more than choosing
a larger radius and keeping the channel diameter fixed. This is due to the increased
importance of the surface tension for a smaller channel diameter.

1
Introduction
1.1 Introduction
In recent years, energy efficiency has become an important topic in, among many
others, new buildings as well as in the renovation of existing constructions [1, 2,
3, 4]. Due to the improvement of the insulation and air-tightness of buildings over
the years, their heat demand has decreased. Hence, the size of the central heating
units used for indoor heating is also shrinking. In the continuous pursuit to reduce
the energy demand of buildings, heat pumps have gained popularity as domestic
heating units [5]. Several types of heat pumps exist, depending on the heat sources
(e.g. air, ground or water) and heat sinks (e.g. water or air). For ground source and
water source heat pumps the underground heat exchanger which extracts the heat
from the ground or water can be laid in either a vertical or horizontal position. For
the horizontal position, the tubing is laid in a trench. This configuration requires
quite some ground space: 43.3 to 86.6 m of tubing is necessary for 1 kW of heating
[7]. For the vertical position, the tubing is laid in vertical wells, this requires less
ground space compared to the horizontal configuration, however, the drilling of the
wells is expensive. For these reasons, air source heat pumps are most commonly
installed, despite the fact that ground source heat pumps have a higher average
coefficient of performance (COP) [5, 6]. For such an air source heat pump, the
evaporator consists out of a compact fin-and-tube heat exchanger (Figure 1.1). In
these heat exchangers, typically a refrigerant flows through the tubes and air is
drawn over the finned outside surface of the tubes. To attain a compact design of
2 INTRODUCTION
Figure 1.1: Compact fin-and-tube heat exchanger and a single hairpin tube
these heat exchangers, fins are added at the airside and the tubes through which
the refrigerant flows are folded up into hairpin tubes. Such a hairpin tube is shown
in Figure 1.1, it consists out of two straight tubes interconnected by a 180○ bend.
These bends are typically characterized by a curvature ratio 2R/D, in which R
is the radius of curvature of the bend and D is the inner diameter of the tube.
Bends with a small curvature ratio are designated as ’sharp’ bends. In compact
fin-and-tube heat exchangers the U-bends are generally quite sharp in order to
attain a high compactness.
The effect of these return bends on the two-phase flow behaviour in the
evaporator is still largely unknown [8]. Most design methods for these heat
exchangers are based on research performed on two-phase flow in straight
channels. However, the flow behaviour is strongly related to the pressure drop and
heat transfer in a channel [9, 10]. Furthermore, due to the consistent downsizing
of these units, the relative effect of these return bends on the total performance
increases.
1.2 Goals
The main existing research on two-phase flow through (sharp) return bends
focusses on the return bend section itself. However, the limited research on the
straight tube sections in the vicinity of the bend show that the presence of a
return bend could have an effect on the two-phase flow behaviour in these sections
[8, 11, 12, 13]. Due to the strong link between two-phase flow behaviour and the
two-phase flow pressure drop and heat transfer, it is expected that a bend effect on
the flow behaviour will also cause an effect on the pressure drop and heat transfer.
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As already stated, the effect of a return bend on the two-phase flow is only
limitedly studied. Furthermore, practically all of the existing studies use flow
visualisations to asses the bend effect. These flow visualisations are easy to
interpret. However, they do not allow for a fundamental and objective assessment
of the flow behaviour. Research on the two-phase flow pressure drop in the vicinity
of a return bend is also very limited. Furthermore, these studies generally focus on
the pressure drop itself and not on the underlying flow behaviour. This approach
does not allow to explain the observed trends in the flow behaviour.
Based on the considerations mentioned above, the goal of this work is to objec-
tively assess the effect of a sharp return bend on the two-phase flow behaviour
and pressure drop in its vicinity. This overall goal can be divided in three main
subgoals:
• Objectively assess the intensity and extent of the disturbance of the
two-phase flow behaviour due to a return bend
• Assess the intensity and extent of the disturbance of the two-phase flow
pressure drop due to a return bend
• Link the flow behaviour to the pressure drop
It is important to state here that the bend effect in the bend section itself
will not be investigated in this work. The effect of the bend will also depend
on the geometry of the return bend, therefore several bend geometries will be
tested. Since this work focusses on the application of compact heat exchangers
for domestic use, representative geometries for this application are selected for
testing. A large focus is also on the objective assessment of the flow behaviour, to
this end the capacitance of the flow will be analysed instead of visually assessing
the flow. The information extracted from these capacitance traces will be used to
yield a better understanding in the observed pressure drop trends in the vicinity of
the bend.
1.3 Outline
Based on the objectives of these work, it was composed according to the following
outline:
• In Chapter 2 basic two-phase flow concepts that are necessary to understand
the remainder of the work are discussed.
• In Chapter 3 the existing literature on two-phase flow behaviour in U-bends
and their consecutive channels is discussed, with a specific focus on the flow
behaviour close up- and downstream of the bend.
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• In Chapter 4 the existing literature on two-phase pressure drop in U-bends
and their consecutive channels is discussed, more specifically research on
refrigerant flow in small diameter macro-scale channels with sharp return
bends.
• In Chapter 5 the experimental test setup and test sections are discussed.
• In Chapter 6 the design, construction and calibration of the capacitance
sensors used to assess the flow behaviour up- and downstream of a U-bend
is shown.
• In Chapter 7 the data mining techniques used for the capacitance signals
are discussed.
• In Chapter 8 an assessment of the flow behaviour up- and downstream of a
sharp return bend is made.
• In Chapter 9 the measured pressure drop up- and downstream of a sharp
return bend is discussed and linked to the observed flow behaviour.
• In Chapter 10 the main conclusions and outlook are given.
2
Two-phase flow fundamentals
2.1 Two-phase refrigerant flow and flow regimes
In single-phase flow, two main flow regimes exist: laminar flow and turbulent
flow. The prevailing flow regime depends on the velocity of the flow, the channel
geometry and the properties of the fluid and it has a strong effect on the occurring
pressure drop and heat transfer.
For two-phase flow, the presence of two phases flowing through the tube
adds another degree of freedom compared to the case of single-phase flow. For
two-phase flow, different spatial distributions of the phases in the channel can
occur. This distribution also has an influence on the heat transfer and pressure
drop. The way the phases are distributed in the channel depends on the channel
geometry, the properties of each of the phases, the velocity of each of the phases,
the heat flux and the vapour quality x. For two-phase flow, a subdivision into
several flow regimes is made based on these spatial distributions. In this section,
the main flow regimes occurring in macro channels will be discussed for horizontal
and vertical flows.
2.1.1 Flow regimes for horizontal flows
The main difference between horizontal and vertical two-phase flow is the way
gravity affects the distribution of the phases. For horizontal flows, gravity acts
perpendicular to the axis of the tube due to which the vapour phase will move
to the top of the tube and the liquid phase to the bottom [14]. In this section the
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Figure 2.1: Two-phase flow regimes for horizontal flow [8]
main flow regimes for horizontal two-phase flow are discussed. However, it is
important to note here that a flow regime is a subjective notion. Different authors
might discern a higher or lower number of flow regimes for the same conditions.
The division of the two-phase flow behaviour into several flow regimes is mostly
done based on visual observations of the flow. In Figure 2.1 the main horizontal
two-phase flow regimes are depicted.
• Bubbly flow: the vapour phase is dispersed in the flow under the form of
small bubbles. Due to buoyancy, the vapour bubbles are mostly located
in the upper half of the tube for horizontal flows. For a horizontal tube
orientation, this flow regime only occurs at high mass flow rates.
• Stratified flow: the liquid phase forms a stratified layer at the bottom of the
tube. Above this layer the vapour phase is located. The interface between the
phases is fairly smooth. This flow regime only occurs at very low velocities.
• Stratified-wavy flow: if the vapour velocity is increased in stratified flow,
waves will start to form on the interface between the phases. These waves
do not reach the top of the tube.
• Plug flow: liquid plugs pass trough the tube, alternated by elongated
bubbles. The bubbles have a diameter which is considerably smaller than
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the tube diameter. For horizontal flows, these bubbles are located at the top
of the tube with the liquid as a stratified layer at the bottom.
• Slug flow: if the vapour velocity increases from plug flow, the bubble
diameter increases to values close to the channel diameter. The liquid slugs
appearing in between these bubbles can be regarded as large amplitude
waves, reaching the top of the tube.
• Intermittent flow: this is a group of unsteady flow patterns. Generally, the
entire tube perimeter is wetted and no clear vapour-liquid interface can be
put forward for this flow regime. Slug flow can also induced starting from
stratified-wavy flow and increasing the vapour velocity. The waves on the
two-phase flow interface will grow and eventually reach the top of the tube,
forming liquid slugs.
• Annular flow: the liquid phase forms a thin film at the inner wall of the
tube. The vapour phase flows in the centre of the tube. For horizontal tubes,
the thickness of the liquid film tends to be thicker at the bottom of the tube,
especially at low velocities. Waves can exist on the vapour-liquid interface.
Due to high shear forces, some liquid droplets can be torn loose from the
interfacial waves and dragged along in the vapour core. At a high vapour
quality, the liquid film can become thin at the top of the tube and start to
brake up so the film does not cover the entire tube perimeter any more.
• Mist flow: at very high vapour qualities and velocities, the remaining liquid
phase is entrained by the vapour under the form of a mist.
2.1.2 Flow regimes for vertical flows
Most of the flow regimes occurring in horizontal two-phase flow are also seen in
vertical two-phase flow. However, due to the alignment of gravity and the velocity
of the flow in vertical flows, stratified and plug flows do not occur. The churn flow
regime is specific to vertical two-phase flow. In this regime the bubbles occurring
in slug flow break down and an oscillating churn regime arises.
2.2 Basic two-phase flow quantities
In this section, some basic two-phase parameters are defined which will be used
throughout this work.
2.2.1 Vapour quality
The vapour quality is the ratio of the vapour phase mass flow rate m˙V to the total
mass flow rate m˙.
8 CHAPTER 2
x = m˙V
m˙
= m˙V
m˙V + m˙L (2.1)
Complementary to the vapour quality, the liquid fraction can be calculated as
1 − x.
2.2.2 Mass velocities
2.2.2.1 Mass flux
In two-phase flow literature, the mass flux or mass velocity G is often reported
instead of the mass flow rate m˙. It is defined as the ratio of the mass flow rate to
the total internal cross sectional area of the tube A.
G = m˙
A
= m˙
piD
2
4
(2.2)
In a similar manner, the mass flux for the vapour phaseGV and the liquid phase
GL can also be defined.
GV = m˙V
A
= Gx (2.3a)
GL = m˙L
A
= G(1 − x) (2.3b)
2.2.2.2 Single-phase velocity
The single-phase velocity for the vapour phase u0V and for the liquid phase u0L
is the velocity of the flow if it would be single phase.
u0V = m˙
AρV
= G
ρV
(2.4a)
u0L = m˙
AρL
= G
ρL
(2.4b)
In these equations ρV and ρL stand for the vapour phase density and the liquid
phase density, respectively.
2.2.2.3 Superficial velocities
The superficial velocity of the vapour flow usV and the superficial velocity of the
liquid flow usL are the velocities found by assuming that the phase takes up the
full cross section of the tube.
TWO-PHASE FLOW FUNDAMENTALS 9
usV = m˙V
AρV
= Gx
ρV
(2.5a)
usL = m˙L
AρL
= G(1 − x)
ρL
(2.5b)
These velocities are used as the coordinates for some flow regime maps
[14, 15, 16]. These are models predicting the transitions between the different
occurring flow regimes. Generally, this is the case for air-water flow maps.
The superficial velocities are also used as the characteristic velocity for some
dimensionless numbers.
2.2.2.4 True mean velocities
The true mean velocity is the velocity at which the phase actually travels. It can
be calculated as the ratio of the volumetric flow rate of the phase and the cross
sectional area it occupies in the channel cross section.
uV = V˙V
Aε
= Gx
ρV ε
(2.6a)
uL = V˙L
A(1 − ε) = G(1 − x)ρL(1 − ε) (2.6b)
In Eqs. 2.6, ε is the void fraction (Section 2.2.3).
2.2.3 Void fraction
Several definitions of the void fraction ε exist [14]. Mostly and if not otherwise
specified, the cross sectional void fraction will be used in this work. It is defined
as the ratio of the cross sectional area of the channel taken up by the vapour phase
AV and the total cross sectional area A.
ε = AV
A
= AV
AV +AL (2.7)
The ratio of the cross section taken up by the liquid phase and the total cross
sectional area is called the liquid hold-up, it can be calculated as 1−ε. Other types
of void fraction are the volumetric void fraction εvol and the chordal void fraction
εchord. The volumetric void fraction is the ratio of the volume occupied by the
vapour quality in the tube VV to the total volume of the tube V . It can thus be seen
as an average of the cross sectional void fraction over the tube.
εvol = VV
V
= VV
VV + VL (2.8)
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The chordal void fraction can be calculated by first defining a path through the
channel. The length of the path occupied by vapour LV divided by the total length
of the path L is the chordal void fraction.
εchord = LV
L
= LV
LV +LL (2.9)
2.3 Dimensionless numbers
Similar to single-phase flow, dimensionless numbers are used to describe
two-phase flows. However, due to the presence of two phases - mostly having very
different properties - and the great variety in possible flow structures, a number of
definitions can exist for the same dimensionless number.
2.3.1 Reynolds number
The Reynolds number Re represents the ratio of the inertia forces to the viscous
forces. In single-phase flow it is used to determine whether the flow is laminar
or turbulent. For channel flow the characteristic length in the definition is the
hydraulic diameter dh, as defined in Eq. 2.11. In this equation pw is the wet
channel perimeter and A is the cross sectional area of the channel.
Re = Gdh
µ
(2.10)
dh = 4A
pw
(2.11)
The Reynolds number for each of the phases can be determined under several
possible assumptions of the velocity and the characteristic length. For example,
if it is assumed that liquid and vapour flow alone in the channel, the superficial
velocities (Eqs. 2.5) can be used to calculate the Reynolds numbers.
ReL = G(1 − x)dh
µL
(2.12a)
ReV = Gxdh
µV
(2.12b)
Similarly, the Reynolds number for the vapour and liquid phase can also be
calculated based on the true mean velocities (Eqs.2.6):
ReL = G(1 − x)dh
µL(1 − ε) (2.13a)
ReV = Gxdh
µV ε
(2.13b)
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(a) Stratified flow (b) Equivalent film
thickness for Figure 2.2a
Figure 2.2: Equivalent liquid film thickness for stratified flow
In some models, the film thickness δ is taken as the characteristic length for
the liquid Reynolds number. For stratified flows, an equivalent film thickness can
be defined as shown in Figure 2.2. For this case the hydraulic diameter can be
calculated as:
dh = 4A
pw
= 4pwδ
pw
= 4δ (2.14)
And hence the liquid film Reynolds Reδ number for stratified flow types can be
found as:
Reδ = 4Gδ(1 − x)
µL(1 − ε) (2.15)
For flow regimes for which a part of the tube perimeter is not in contact with
the liquid phase, a dry angle can be defined (Figure 2.2). If the dry angle is zero
(full liquid ring) the liquid film thickness δ can be found as a function of the void
fraction ε (Eq. 2.16) and the liquid film Reynolds number can be calculated as in
Eq. 2.17. Note that in this case Eqs. 2.17 and 2.12a are the same.
1 − ε = pidhδ
pid2
h
4
(2.16)
Reδ = Gdh(1 − x)
µL
(2.17)
2.3.2 Froude number
The Froude number Fr (Eq. 2.18) is defined as the ratio of the inertia forces to
the gravity forces. In some cases it is used to distinguish between stratified and
non-stratified flows.
Fr = G2
ρ2gdh
(2.18)
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Generally, the liquid and vapour Froude numbers are calculated based on the
assumption that the flow is fully liquid or vapour.
FrL = G2
ρ2Lgdh
(2.19a)
FrV = G2
ρ2V gdh
(2.19b)
Similar to the liquid film Reynolds number, a liquid film Froude number Frδ
can be defined:
Frδ = G2
ρ2g2δ
(2.20)
2.3.3 Weber number
The Weber number is defined as the ratio of the inertia forces to the surface tension
forces (Eqs.2.21). The surface tension plays an important role in droplet and
bubble formation and in the transitions between different flow regimes [17]. This
is especially so for small diameter tubes for which the surface tension has a higher
relative importance.
WeL = G2dh
ρLσ
(2.21a)
WeV = G2dh
ρV σ
(2.21b)
2.3.4 Dean number
The Dean number (Eq. 2.22) is defined as the ratio between the inertial forces and
the viscous forces acting on a fluid flowing in a curved channel, R is the radius of
curvature for the channel.
De = Re√ dh
2R
(2.22)
Since there is a large variety in Reynolds number definitions, the actual value
of the Dean number depends on the chosen reference for the phase velocity and
the characteristic length. For example, the liquid and vapour phase Dean number
referenced on the true mean velocity can be determined as:
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DeL = G(1 − x)dh
µL(1 − ε)
√
dh
2R
(2.23a)
DeV = Gxdh
µV ε
√
dh
2R
(2.23b)

3
Two-phase flow in bends and their
consecutive channels
In this chapter, an overview is given of the existing literature on the effect of a
bend on the two-phase flow behaviour in the bend as well as up- and downstream
of the bend. For single-phase flow, Eustice [18, 19] was the first to discuss the
complex flow behaviour arising in a bent channel. By injecting a coloured water
dye in the flow through glass bent tubes, Eustice observed a helical shape of the
stream lines in the bend itself and downstream of the bend. What Eustice observed
were the secondary flows occuring due to the centrifugal force exerted on the flow
in the bend. This centrifugal force is directed from the centre of curvature to the
outer wall of the bend. In combination with the presence of a boundary layer at
the bend wall this generates a flow organised in two vortices directed outward in
the core of the tube and directed inward at the tube wall, as shown in Figure 3.1.
This secondary flow is superimposed to the main flow through the tube generating
helically shaped stream lines. More than a decade later, Dean [20, 21] was the first
to analytically prove the existence of these secondary flows occuring in a curved
channel.
Recently, the field of two-phase flow behaviour in bends and their consecutive
channels has gained some interest. Due to the density difference between the
phases, the forces exerted on the flow in the bend affect the distribution of the
phases. The nature and the extent of the disturbance in the bend as well as up-
and downstream of the bend largely depends on the tube diameter, vapour quality,
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R
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Figure 3.1: Secondary flow vortices arising in a curved channel
mass flux, properties of both phases, the orientation of the bend plane and the
curvature ratio of the bend. The next section introduces some basic concepts on
two-phase flow through return bends. A considerable part of the available research
in this area deals with air-water flows. Although air-water flows do not generally
occur in practical applications, it is often used in two-phase flow research due to the
simplicity of the test facility, compared to a test setup for e.g. refrigerant two-phase
flow. For a qualitative study of the flow behaviour air-water flows can be used
because the basic trends will resemble those observed for refrigerant two-phase
flow. However, the different properties of the used fluids do have a significant
effect on flow behaviour and the transitions between the different flow regimes [17]
and hence it is advisable to use the fluids of interest for more accurate results. For
this reason, the available literature is divided up into two sections, Section 3.2 deals
with air-water flow research and Section 3.3 contains refrigerant flow research.
Literature on two-phase flow of other fluids through curved channels, like e.g.
oil-air [22] is also found, however, this deals with bends with a curvature ratio
(2R/D) ranging from 7.3 to 26. In domestic applications the curvature ratio will
be significantly lower to enhance compactness, typical curvature ratios between 3
and 5 are used. Hence these studies dealing with bends with large radii are not part
of the scope of this work and hence are not discussed.
3.1 Bend effect in general
In general, the two-phase flow behaviour in a return bend is the result of the
interaction between viscous forces, buoyancy forces, gravitational forces and
centrifugal forces. The orientation of these forces relative to each other differs
according to the orientation of the bend plane and connecting tubes. In Figure 3.2,
the orientation of centrifugal and gravitational forces is shown for different bend
orientations. The orientation shown in Figure 3.2b is the case that will be tested in
this work. When the flow passes through a curved channel, a centrifugal force Fc
(Eqs.3.1) is exerted on the flow, directed from the centre of curvature of the bend
outwards. This force is inversely proportional with the bend radius. Therefore
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Figure 3.2: Possible bend plane orientations with an indication of centrifugal and
gravitational forces
in a sharp bend (low radius of curvature R) the centrifugal force will be higher
compared to bends with a high radius of curvature. Furthermore, the centrifugal
force is proportional to the velocity of the flow u and the density of the flow ρ.
In two-phase flows, the density and velocity of the phases can differ significantly.
The actual difference depends on the refrigerant and the experimental conditions,
e.g. for R134a at 15○C ρV = 24 kg/m3 and ρL = 1244 kg/m3. The velocities
of the phases depend on the void fraction ε and the vapour quality x. Hence,
the centrifugal force exerted on each of the phases can also differ and cause a
significant distortion of the flow behaviour.
ac = u2
R
(3.1a)
Fc =mac (3.1b)
Usui et al. [23, 24] found that mainly the gravitational and centrifugal forces
affected the two-phase flow behaviour in the bend. Since the Froude number is
ratio of the inertia forces to the gravity forces, the authors defined a modified
Froude number Frθ(Eq. 3.2). In this equation θ is an angle indicating the location
in the bend section, e.g. for a 180○ bend θ can range from 0○ (inlet) tot 180○
(outlet).
Frθ = u2L,θρL−ρV
ρL
Rg∣cosθ∣ ⎛⎝1 − ρV u2V,θρLu2L,θ ⎞⎠ (3.2)
This modified Froude number is derived by balancing the centrifugal and the radial
component of the gravitational forces for both phases:
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ρV u
2
V,θ
R
+ gρV cosθ = ρLu2L,θ
R
+ gρLcosθ (3.3)
If Frθ = 1, the two phases will be in radial balance with each other in the lower half
of the bend. If Frθ >1, the centrifugal force is dominant and the liquid phase will
migrate to the outer wall of the bend. If Frθ < 1, gravity prevails over centrifugal
force and the liquid will move towards the inner wall. It is clear that the effect
of the bend on the flow behaviour in the return bend and in its consecutive tubes
depends strongly on the bend geometry and the test conditions such as temperature,
vapour quality and the mass flux. As will be discussed in the next section, at
very low vapour qualities and mass fluxes, buoyancy can also affect the bubble
dynamics. However, this is only seen in a limited amount of cases with little
practical applicability. If the tube diameter is reduced, the effect of surface tension
can also gain relative importance.
Up until now, this section mostly deals with the flow behaviour in the bend
itself, while the aim of this work is to study the flow behaviour up- and downstream
of the bend. However, the extent and intensity of the disturbance up- and
downstream of the bend depends largely on the distortion of the flow behaviour in
the return bend itself. Upstream of the return bend, the flow structure is influenced
by the acceleration and/or deceleration of the phases in the return bend [12].
Downstream of the return bend, the remixing of the phases after the separation
in the return bend and the existence of secondary flows largely determine the flow
behaviour. However, it is still unclear how the bend geometry is linked to the
two-phase flow behaviour up-and downstream of the return bend. Literature on
the flow behaviour in these areas is discussed in the following sections.
3.2 Air-water flow in bends and their consecutive
tubes
The effect of vertical sharp 180○ return bends on two-phase flow behaviour in
a small diameter tube is the focus of this work, since this is an important topic
for compact domestic heat exchanger design. Most literature related to this area
considers large diameter tubes, large diameter bends and/or 90○ bends. Only the
work by Wang et al. [12, 25] considers the effect of sharp vertical return bends in
small diameter tubes. In Wang et al. [25] photographs of air-water flow through
a vertically oriented glass return bend are discussed. Two tube diameters (D =
3 mm and D = 6.9 mm) and two curvature ratios (2R/D = 3 and 2R/D = 7.1)
are tested. This study is limited to slug flows at low mass fluxes, for both upward
(gravity opposing) as well as downward (gravity assisted) oriented flows. The
main conclusion of this work is that for upward oriented flows a flow reversal is
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(a) t = 300ms (b) t = 400ms (c) t = 500ms (d) t = 600ms
Figure 3.3: Flow reversal phenomenon in an air-water upward oriented flow for G = 50
kg/m2s, x = 1%, D = 6.9 mm and 2R/D = 3 [25]
(a) Downward oriented flow (b) Upward oriented flow
Figure 3.4: Air-water slug flow for G = 300 kg/m2s, x = 9%, D = 6.9 mm and 2R/D = 3
[12]
observed for vapour qualities below 10%. This flow reversal is shown in Figure
3.3. In Figs. 3.3b and 3.3c, a thickening of the stratified liquid layer at the inlet
of the bend is present. In Figure 3.3d the bulge in the liquid layer grew so large
it has split the vapour bubble flowing above it. This flow reversal is not observed
for the small diameter tube, due to the increased relative importance of the surface
tension.
In Wang et al. [12], this work is extended to higher mass fluxes up to 800 kg/m2s,
for the same tube diameters and curvature ratios. In this study, the flow reversal
is also observed, however, at higher mass fluxes it disappears due to the larger
influence of the centrifugal force. For slug flows at vapour qualities above 10%
a shift to an annular flow regime is seen in the outlet tube, for upward as well as
downward oriented flow. This is shown in Figure 3.4. For both cases the liquid
phase migrates to the outer wall in bend. For annular flow a ripple in the annular
film is seen downstream of the return bend, due to the secondary flows. These
effects are most pronounced for the largest diameter tube (D = 6.9 mm) and the
smallest curvature ratio (2R/D = 3). For a smaller tube diameter the effect is
reduced due to the higher relative influence of the surface tension and for a larger
curvature ratio the centrifugal force is reduced.
A similar study was performed by Wang et al. [11] for a horizontally oriented
bend plane. In this study three bend diameters (D = 3 mm, 4.95 mm and 6.9
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mm) and three curvature ratios (2R/D = 3, 5 and 7) are tested for mass fluxes
between 50 and 700 kg/m2s. Similar to the studies for vertically oriented bends,
photographs of the flow through the bends are discussed. Due to the horizontal
orientation of the bend plane, the flow reversal effect is not observed. The
remaining observations are very similar to the vertically orientend bends: reducing
the curvature ratio, the effect of the bend on the flow behaviour is enhanced. If
the tube diameter is reduced, the effect of the bend on the flow behaviour is less
pronounced due to the relative importance of the surface tension.
An analysis of flow visualisations is the most commonly encountered method
to evaluate the effect of a return bend on the two-phase flow behaviour. However,
this method is largely subjective and the conclusions depend on the person
evaluating the images. de Oliveira et al. [26] combined flow visualisations with
void fraction measurements for a tube diameter of 26.4 mm and a curvature ratio
of 8.7. Upward and downward oriented flow is tested. The flow visualisations are
mainly performed for the flow through the bend itself and not for the flow in the
straight tubes up- and downstream of the bend. These show a strong disturbance
of the phase distribution in the bend. The effect up-and downstream of the bend is
assessed based on void fraction measurements and pressure drop measurements.
The void fraction measurements are performed with a capacitance probe. The
authors found that the void fraction was affected most strongly for plug and slug
flow. For annular flow the effect was less pronounced. Downstream of the bend,
an increase in the void fraction is observed, this is a result of the acceleration of
the liquid phase due to the centrifugal force exerted on the flow in the return bend.
A significant effect on the void fraction was observed up to 70 tube diameters
upstream and more than 100 tube diameters downstream. However, a significant
effect on the pressure drop was only seen up to 40 diameters upstream and 60
diameters downstream.
3.3 Two-phase refrigerant flow in bends and their
consecutive tubes
The available literature on two-phase flow refrigerant flow up- and downstream
of a sharp return bend is even more limited than that for air-water flow. Padilla
et al. [27] studied the two-phase flow behaviour of R134a and R1234yf through
a vertical return bend with an inner diameter of 6.7 mm and a curvature ratio
2R/D of 7.46. The tests were performed for mass fluxes between 300 and 500
kg/m2s at a saturation temperature of 10○C for downward oriented flow only.
Flow visualisations were made through a high-speed camera. The observed flow
regimes are slug flow, intermittent flow and annular flow. A disturbance of the flow
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(a) Vapour bubble head (b) Vapour bubble tail
Figure 3.5: Vapour bubble head and tail trajectories for downward oriented slug flow x =
5%, G = 300 kg/m2s, T = 10○C and D = 6.70 mm [27]
downstream of the bend was observed to disappear within 20D downstream of the
bend for all cases. For horizontal return bends, Padilla et al. [28] observed a similar
disturbance length downstream of the return bend. However, these disturbance
lengths are observed visually and therefore the results depend strongly on the
observer.
For slug flow, the bubble trajectory in the bend is studied. By combining several
flow visualisations, the trajectory of the bubble can be visualised as shown in
Figure 3.5 for the bubble head and tail. For this flow regime, the bubble detachment
and re-attachment angles are determined as a function of the bubble diameter.
The authors found that the bubble detachment angle increases with the bubble
diameter, this is in accordance with the observations by Meng et al. [29]. The
actual values found for the detachment angles as a function of the bubble diameter
are quite different: Padilla et al. [27] observed detachment angles up to 60○ for
R134a and R1234yf and Meng et al. [29] found detachment angles up to 120○
for R141b. This is probably a result of the different working fluids and curvature
ratios considered (2R/D = 4.67 for Meng et al. [29]). Padilla et al. [27] also
measured the re-attachment angles. This re-attachment angle is found to decrease
with increasing bubble diameter.
Silva Lima [8] studies the flow behaviour of R134a two-phase flow up- and
downstream of a sharp return bend. Both a horizontal and vertical orientation
of the bend is studied and for the vertical orientation up- and downward oriented
flows are looked at. The flow behaviour is evaluated through visual assessment of
flow visualisations. The mass flux ranges from 150 to 500 kg/m2s, a total of five
bend geometries are tested with a tube diameter ranging between 8 and 13 mm and
a curvature ratio between 2.9 and 5.15. The main conclusion of this work is that
the flow disturbance is mainly influenced by the centrifugal force and therefore
the effects observed for horizontal and vertical bends are qualitatively the same.
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(a) t = 153ms (b) t = 157ms (c) t = 165ms
Figure 3.6: Droplet detachment from liquid film for upward oriented flow, R134a, T =
5○C, G = 150 kg/m2s, x = 18%, D = 10.7 mm and 2R/D = 3 [8]
The intensity of the effects might vary due to gravitational forces. Generally, the
liquid phase is forced to the outer wall of the bend due to the centrifugal force.
Once the flow has left the bend, gravity draws the liquid phase to the bottom of
the tube again for stratified flow regimes. For annular flow, the author observes
an influence of the bend on the interfacial waves. When the flow approaches the
bend, the tip of the interfacial wave bends towards the U-bend. In the bend itself,
droplets detach from the interfacial wave on the inner side of the bend and move
towards the outer wall of the bend, this is shown in Figure 3.6. At very high vapour
qualities, the liquid was observed to migrate to the inner wall of the bend instead
of the outer wall. This behaviour was also observed by Usui et al. [23, 24], who
studied the two-phase air-water flow through return bends. At these very high
vapour qualities, the flow mainly consists of vapour and - as in single-phase flow -
secondary flows are generated due to the bend. These secondary flows are directed
from the outside of the bend to the inside at the tube wall and it carries the liquid
phase to the inner wall of the bend.
The studies for refrigerant flow mentioned up until now only offer a qualitative
view on the extent of the influence of the U-bend on the flow behaviour. This is
valuable information to understand the effect of the bend on the flow behaviour,
however, it does not offer any means to objectively quantify the extent or intensity
of the bend effect.
De Kerpel et al. [13] tried to assess flow visualisations of R134a two-phase
flow through a sharp return bend more objectively by automatically processing
the images. It is shown that relatively simple operations such as the average and
standard deviation of the pixel values over time are able to uncover effects that
are not detected by visually assessing the flow visualisation. A main drawback of
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this technique is that the flow visualisations contain a lot of data which make this
method computationally intensive.
3.4 Conclusion
Flow passing through a return bend experiences a combination of viscous forces,
buoyancy forces, gravitational forces and centrifugal forces. If this flow is single
phase, a secondary flow arises and persists for a significant distance downstream
of the return bend. For two-phase flow the spatial distribution of the phases can
be influenced considerably in the return bend. In most cases a separation of the
phases occurs in the return bend due to the difference in velocity and density of the
phases. In some low mass flux and vapour quality cases flow reversal and bubble
freezing can also occur, but generally the conditions necessary for these effects are
not seen in practical cases.
Practically all research performed on two-phase flow behaviour in and in
the vicinity of a return bend consists of visual assessment of images. Flow
visualisations are easy to interpret. However, the conclusions are dependent on the
person processing the results. Hence a more objective way of assessing the flow
behaviour should be employed. Furthermore, most of this research is performed
for air-water flows instead of refrigerant flows. The forces acting on the flow
depend on the fluid properties and hence it is important to perform tests with the
working fluid of interest in order to obtain accurate results. Finally, the existing
research is generally limited to the flow behaviour in the bend section itself.
Similar to the case of single phase flow, it is expected that the disturbance will
persist for a certain distance up- and downstream of the return bend. Data on the
intensity and extent of this disturbance is very limited.

4
Two-phase flow pressure drop in
U-bends and their consecutive channels
In this chapter, the existing literature on two-phase flow pressure drop in 180○
bends and their consecutive channels is discussed. The focus of this chapter is on
two-phase refrigerant flow in small diameter macro-scale tubes and sharp return
bends (low curvature ratio 2R/D). Quite some research and correlations on the
pressure drop in the bend itself can be found in literature [8, 27, 28, 30, 31, 32, 33,
34, 35, 36]. However, the interaction between the bend geometry and the pressure
drop in the channels up- and downstream of the return bend has only recently
started to gain attention in the literature. For the sake of clarity, the literature is
divided into two sections: Section 4.1 deals with the pressure drop in the return
bend itself and Section 4.2 deals with the pressure drop up- and downstream of the
return bend.
Based on the general definition of pressure drop, the measured pressure difference
∆p between two points consists of three components, as shown in Eq. 4.1.
∆p = ∆pstatic +∆pmom +∆pfrict (4.1)
The three pressure drop components shown in Eq. 4.1 are:
• Static pressure drop ∆pstatic: pressure drop due to static head loss, it
depends on the inclination angle of the channel relative to gravity. This
component becomes negligible for horizontal channels and for horizontally
oriented bends.
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• Momentum pressure drop ∆pmom: this pressure drop is a result of the
acceleration of the flow, this acceleration occurs due to evaporation of the
flow and/or flashing. If the pressure drop is measured over a short interval
for adiabatic flow, this component can be neglected. However, it is important
to note here that, if there is any disturbance of the flow present, a temporary
change in void fraction can occur. As will be shown later, a change in
void fraction indicates a shift in the phase velocities and can hence cause
a momentum pressure drop.
• Frictional pressure drop ∆pfrict: due to the shear forces at the interface
between the phases and at the tube wall.
It should be noted here that ∆pstatic ∆pmom are reversible components of the
total pressure drop. It is mainly the last component, ∆pfrict which is affected due
to the presence of a return bend. Hoang et al. [37] stated that the pressure drop
in the return bend is mainly influenced by the separation of the phases (due to the
centrifugal force) and the occurrence of secondary flows (Figure 3.1). Up- and
downstream of the bend the phases de- and remix and downstream of the bend, the
secondary flows persist for some distance, influencing the pressure drop in these
parts of the channel.
4.1 Pressure drop in U-bends
This section deals with literature and correlations for the two-phase flow pressure
drop in a 180○ bend. Pierre [30] studied the two-phase flow pressure drop of R12
and R22 in U-bends. Based on his measurements, the author proposes a correlation
for the pressure drop in a return bend. However, the bend radius R is not taken
into account in this correlation. Since the centrifugal force exerted on the flow in
the bend is inversely proportional to the bend radius (Eqs. 3.1), it seems unlikely
that this correlation can adequately capture the pressure drop behaviour in a broad
range of bend geometries.
Geary [31] conducted experiments with R22 for curvature ratios ranging
between 2.3 and 6.6 and stated that the bend radius does have an effect on the
two-phase flow pressure drop. The tube diameter for these measurements is 11.6
mm and the saturation temperature 4.5○C. Geary proposes a correlation in which
the two-phase pressure drop (Eq. 4.2a) is calculated as the product of a two-phase
friction factor f (Eq. 4.2b) and the single-phase vapour flow pressure drop through
a bend. The vapour Reynolds number ReV in Eqs. 4.2 is calculated with Eq.
2.12b.
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∆pbend = f piR
D
G2x2
2ρV
(4.2a)
f = 8.03 ⋅ 10−4Re0.5V
exp(0.215 2R
D
)x1.25 (4.2b)
Chen et al. [32] propose a new correlation for the two-phase friction factor f by
Geary based on measurements for R410A (Eqs. 4.3). The tube diameter D ranges
between 3.25 and 5.07 mm with curvature ratios 2R/D between 3.91 and 8.15.
Notice that in this equation, the Weber number is used to account for the surface
tension σ. It is important to remark here that the measurements are performed
on what the authors call ’U-type wavy pipes’, basically the total pressure drop
is measured in nine consecutive return bends with the same geometry. Between
the in- and outlet of each return bend, a straight section with a length L ranging
from 22 mm to 24.5 mm is placed. Upstream of the U-bend series, the pressure
gradient for the straight channel is measured and used to subtract the pressure drop
occurring in the straight sections in-between the bends from the total measured
pressure drop. However, the question can be asked how representative these
measurements are for the pressure drop in a single return bend. Since the distance
between the consecutive bends is relatively small (<10D) it is unlikely that the
secondary flows have died out and that the remixing of the phases is completed
by the time the flow reaches the next return bend. Hence a cumulative effect of
the disturbances occurring in the bend can arise and the results will depend on the
number of bends placed in series and the distance in-between the bends.
f = 10−2Re0.35m
We0.12V exp(0.194 2RD )x1.26 (4.3a)
Rem = ReV +ReL = GD ( x
µV
+ (1 − x)
µL
) (4.3b)
WeV = G2D
ρV σ
(4.3c)
Chisholm [33] proposes a correlation (Eqs. 4.4) in which the two-phase flow
pressure drop in a bend is calculated as the product of the single-phase liquid
flow pressure drop in a bend ∆pSP (Eq. 4.4c) and a two-phase flow factor Ψ (Eq.
4.4b). The liquid phase Reynolds number ReL is calculated as in Eq. 2.12a.
∆pbend = Ψ∆pSP (4.4a)
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Ψ = 1 + ( ρL
ρV
− 1)x [b(1 − x) + x] (4.4b)
∆pSP =KSP G2
2ρL
(4.4c)
b = 1 + 2.2
KSP (2 + RD ) (4.4d)
KSP = fL (piR
D
) + 0.294(R
D
)0.5 (4.4e)
fL = 0.079Re−0.25L (4.4f)
Domanski and Hermes [34] propose a correlation based on the measurements
by Geary [31] and Chen et al. [32]. The two-phase flow pressure drop in a bend is
calculated by multiplying the two-phase pressure drop in a straight channel with a
curvature factor Λ. Since this correlation is partly based on the measurements by
Chen et al. [32] the same questions can be raised on the applicability as previously
stated for the correlation of Chen et al. [32].
(dp
dz
)
bend
= Λ(dp
dz
)
straight
(4.5a)
Λ = 6.5 × 10−3 (xGD
µV
)0.54 ( 1
x
− 1)0.21 ( ρL
ρV
)0.34 (2R
D
)−0.67 (4.5b)
The two-phase pressure drop in a straight channel is calculated with the
Mu¨ller-Steinhagen and Heck correlation [38] (Eqs. 4.6). In these equations, ’k’
stands for liquid (L) or vapour (V) and Rek is calculated as in Eqs. 2.12.
(dp
dz
)
straight
= [(dp
dz
)
L
+ 2x((dp
dz
)
V
− (dp
dz
)
L
)] (1 − x)1/3 + (dp
dz
)
V
x3
(4.6a)
(dp
dz
)
k
= 2cf,k
D
G2
ρk
(4.6b)
TWO-PHASE FLOW PRESSURE DROP IN U-BENDS AND THEIR CONSECUTIVE
CHANNELS 29
cf,k = 0.079Re−0.25k (4.6c)
Padilla et al. [35] propose a correlation based on the measurements by Pierre
[30], Geary [31], Traviss et al. [39] and Chen et al. [32, 40]. This correlation is
summarized by Eqs. 4.7, the pressure gradient occurring in the bend is considered
to be the sum of the pressure gradient in a straight channel (dp
dz
)
straight
and
the pressure drop due to the singularity (bend) in the channel (−dp
dz
)
sing
. The
superficial velocities us,V and us,L can be calculated with Eqs. 2.5 and the
two-phase flow pressure gradient for a straight channel (dp
dz
)
straight
is calculated
with the Mu¨ller-Steinhagen and Heck correlation [38] (Eqs. 4.6). Again, one
can question the quality of the used database and hence the applicability of the
correlation.
(−dp
dz
)
bend
= (−dp
dz
)
straight
+ (−dp
dz
)
sing
(4.7a)
(dp
dz
)
sing
= 0.047 [ρV u2s,V
R
] [u2s,L
R
]1/3 (4.7b)
Padilla et al. [27, 28, 36] performed pressure drop measurements for two-phase
flow of refrigerants R410A, R134a and R1234yf in horizontal as well as vertical
return bends. The tube diameter D ranges from 7.9 mm to 10.85 mm, the
curvature ratio 2R/D is between 3.68 and 4.05 and the saturation temperature
is set between 5○C and 20○C. The authors call the return bend a singularity and
determine the singular pressure drop ∆psing by subtracting the pressure drop in
an equivalent straight tube from the measured pressure drop. They find that ∆psing
is proportional to the mass flux and inversely proportional to the curvature ratio,
due to the increased effect of the centrifugal force. Furthermore, it was found that
∆psing is inversely proportional to the saturation temperature as is the case for the
pressure drop in a straight tube.
Silva Lima [8] measured the pressure drop in a sharp return bend for R134a
and R410A, for both horizontal and vertically oriented bends. The tube diameter
ranges from 7.8 mm to 13.4 mm, the curvature ratio varies between 2.84 and
5.12 and the saturation temperature is set between 5○C and 10○C. The author
proposes a correlation for the pressure drop in U-bends based on the model by
Moreno-Quibe´n and Thome [9] for two-phase flow pressure drop in straight tubes.
In this model, a separate set of equations is used for each flow regime. For the sake
of simplicity, the complete model by Moreno-Quibe´n and Thome is summarized
in Appendix D. The model by Silva Lima proposes a correction of the friction
factors used in the model of Moreno-Quibe´n and Thome for each flow regime.
Furthermore, for each flow regime three correlations for the friction factor are
proposed, one for each bend orientation: horizontal, vertical with upward oriented
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flow and vertical with downward oriented flow. For the annular flow regime the
following friction factors are proposed:
fUH,annular = fS,annular (1 + 0.2( D
2R
)1.313De0.358V ) (4.8a)
fUV U,annular = fS,annular ⎛⎝1 + 8( D2R)1.178 Fr0.196δ (u2LρVu2V ρL )
0.106⎞⎠ (4.8b)
fUVD,annular = fS,annular (1 + 0.5( D
2R
)1.339 Fr0.193δ Re0.555δ ) (4.8c)
In Eqs. 4.8, fUH,annular stands for the friction factor for horizontal bends,
fUV U,annular is the friction factor for vertical bends with upward oriented flow,
fUVD,annular is the friction factor for vertical bends with downward oriented flow
and fS,annular is the friction factor for annular flow in straight tubes as defined in
[9]. The vapour Dean number DeV is calculated as in Eqs. 2.23, Frδ is the liquid
film Froude number as defined in Eq. 2.20 and Reδ is the liquid film Reynolds
number number as defined in Eq. 2.15.
For slug and intermittent flows the pressure drop is calculated as a void
fraction based weighted average of the pressure drop for the annular flow regime
and the pressure drop for the single-phase liquid regime. The friction factors
for annular flow are calculated as shown in Eqs. 4.8, the friction factors for the
single-phase liquid flow are summarized in Eqs. 4.9.
fUH,L = fS,L (1 + 103.19 ⋅ 103 ( D
2R
)2.405De−0.653L ) (4.9a)
fUV U,L = fS,L (1 + 4.09 ⋅ 103 ( D
2R
)1.002De−0.381L ) (4.9b)
fUVD,L = fS,L (1 + 717.7 ⋅ 105 ( D
2R
)1.244De−1.461L ) (4.9c)
In Eqs. 4.9, fS,L is the friction factor for full liquid flow in a straight tube,
calculated as proposed in the model by Moreno-Quibe´n and Thome [9]. The liquid
single-phase flow Dean number DeL, is calculated with Eq. 2.22.
For stratified wavy flow the friction factor is the result of a dry angle based
interpolation between the vapour phase friction factor and the annular friction
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factor. The annular friction factor can be calculated based on Eqs. 4.8. The vapour
phase friction factors can be calculated as in Eqs. 4.10, fS,V is the single-phase
vapour flow friction factor and DeV can be calculated as in Eq. 2.22.
fUH,V = fS,V (1 + 5.102 ⋅ 106 ( D
2R
)1.109De−1.222V ) (4.10a)
fUV U,V = fS,V (1 + 47.1 ⋅ 103 ( D
2R
)2.707De−0.507V ) (4.10b)
fUVD,V = fS,V (1 + 8.39( D
2R
)1.278De0.057V ) (4.10c)
For slug stratified wavy flow, the pressure drop is found as a void fraction
based weighted average of the single-phase liquid flow pressure drop and the
pressure drop for stratified wavy flow as described in [9]. The friction factors
for these pressure drops can be calculated as shown in Eqs. 4.9, 4.8 and 4.10.
For mist flow the flow is assumed to be a homogeneous mixture of the
remaining liquid phase and the vapour. The friction factors are calculated as shown
in Eqs. 4.11. In these equations, fS,mist is the friction factor for mist flow in a
straight channel andDemist is the mist flow Dean number, as defined in the model
of Moreno-Quibe´n and Thome [9]. For the vertical downflow case, no friction
factor is proposed, due to the limited amount of measurements for this case.
fUH,mist = fS,mist (1 + 300.35( D
2R
)1.623De−0.189mist ) (4.11a)
fUV U,mist = fS,mist (1 + 24.491( D
2R
)1.09De0.011mist ) (4.11b)
For the dryout flow regime, the pressure drop is calculated as a weighted
average between the annular or stratified wavy flow regime and the mist flow
regime. These pressure drops can be calculated based on the equations stated
above and the model of Moreno-Quibe´n and Thome [9].
In Table 4.2 the experimental conditions are summarized on which the
correlations in this section are based. In Figure 4.1 the existing correlations for
two-phase pressure drop in a sharp return bend are compared to each other. In
the case of two-phase flow in a straight channel, the pressure drop rises with an
increasing vapour quality due to the acceleration of the vapour phase. At high
vapour qualities, the annular liquid film will start to break up and show dry patches,
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Figure 4.1: Comparison between different correlations for two-phase flow pressure drop in
a U-bend for R134a, D = 8 mm, 2R/D = 2.75, G = 400 kg/m2s and T = 15○C
due to which the pressure drop will start to decrease. Similar trends as a function of
the vapour quality are expected for the pressure drop in a U-bend. Figure 4.1 shows
that both the Geary and the Chen correlations show a rising trend up to full vapour
flow. Hence these correlations do not capture the right trends, especially at high
vapour qualities [8]. Furthermore, how the authors define and/or measure the bend
pressure drop also affects the resulting correlation: e.g. Chen [32] measured the
pressure drop over a serpentine tube while Silva Lima [8] measured the pressure
drop in one single return bend. Finally, Silva Lima [8] is the only one taking the
orientation of the bend plane into account. In Figure 4.1 the pressure drop for a
horizontal bend plane orientation is shown.
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4.2 Pressure drop up- and downstream of a U-bend
In literature, a limited number (< 10) of contributions on measurements of the
two-phase flow pressure drop up- and downstream of a return bend are available
and there is no general consensus on the extent of the bend influence up- and
downstream of the bend. Traviss et al. [39] measure the pressure drop up- and
downstream of a sharp return bend for R12. The channel diameter ranges between
6.35 and 8 mm and the curvature ratio is 3.175. The authors state that the effect
of the bend on the pressure drop in the up- and downstream channel is negligible
if averaged out over 90D. Hoang et al. [37] state that the remixing of the phases
downstream if the U-bend persists for only 9D downstream.
Figure 4.2: Return bend pressure drop measured by Padilla et al. [27] as a function of the
downstream pressure tap location
Padilla et al. [27, 28, 36] investigate the effect on the pressure drop up- and
downstream of a sharp return bend with horizontal and vertical orientation. The
tested fluids are R134a, R1234yf and R410A, the tube diameter varied between
7.9 mm and 10.85 mm and the curvature ratio is between 3.68 and 4.05. To
measure the extent of the disturbance downstream of the bend, the pressure drop
between a fixed location upstream and a variable location downstream is measured
for several downstream locations. The pressure drop for a straight channel with
equivalent length is subtracted from these pressure drops to acquire the ’return
bend pressure drop’. This return bend pressure drop is then plotted against the
pressure tap position as shown in Figure 4.2. From a certain tap location on, the
return bend pressure drop does not show any significant fluctuations as a function
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of the pressure tap location and the authors take this length as the disturbance
length. For all tested cases, the disturbance length was limited to 20D downstream
of the bend and 10D upstream of the bend.
Silva Lima [8] measured the pressure drop in fixed intervals up- and
downstream of the bend. The tested fluids are R134a and R410A, both horizontal
and vertically oriented bends are tested. The tube diameter ranges from 7.8
mm to 13.4 mm, the curvature ratio varies between 2.84 and 5.12 and the
saturation temperature is set between 5○C and 10○C. The intervals closest up- and
downstream of the bend have a length of 10D and the centre of these two intervals
is located at -6D (upstream) and +6D (downstream) of the return bend outlet/inlet.
The remaining four intervals all have a length of 32D, the centres are located at
+59D, -59D, +141D and -141D from the inlet/outlet of the bend. The authors
find that the frictional pressure drop values measured in the inlet straight channel
are generally lower than those found in the outlet straight channel, independent of
the orientation bend plane. This increase in pressure drop is due to the combined
action of the acceleration of the vapour phase due to flashing/evaporation and the
disturbance due to the U-bend. Generally, the authors observe a more pronounced
bend effect downstream of the U-bend compared to upstream. In the intervals
located at +/- 59D and +141D the disturbance due to the bend causes an elevation
in the pressure gradient. However, in the intervals closest to the bend (at +/- 6D)
an increase as well as a decrease in the pressure gradient is seen compared to the
interval far upstream of the bend, depending on the specific bend geometry and
tested conditions. The author cannot explain these trends close to the return bend
based on the information at hand.
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4.3 Conclusion
In this chapter the effect of a return bend on the two-phase flow pressure drop
is discussed. The literature that was found is divided according to whether the
pressure drop in the bend section itself is investigated or the pressure drop in the
straight sections up-and down stream of the return bend was the focus of the work.
For the pressure drop in the return bend section, a number of correlations exist.
Comparing these correlations, it is clear that the predicted pressure drop differs
significantly over the correlations. This can partially be due to the difference in
the tested fluids and geometries. However, some correlations also fail to capture
the expected physical trends.
Literature on the pressure drop in the straight sections connected to the bend
section is only very limited. No correlations have been proposed and some authors
fail to explain the observed trends. Since the pressure drop is largely influenced
by the two-phase flow behaviour, it appears to be necessary to study the flow
behaviour and the pressure drop in these tube sections in order to gain a better
understanding of the bend effect on the pressure drop in these sections.

5
Refrigerant test facility
This chapter deals with the experimental test facility used for this work. The
purpose of this setup is to generate two-phase flows at different mass fluxes and
vapour qualities. It was originally designed and built during previous PhD research
[41]. Some changes were made to facilitate the measurements necessary for this
work. In the following sections, the main components of this setup are discussed
as well as the main control parameters and some generalities on the test sections.
5.1 Main components of the setup
Generally speaking, this setup contains four closed loops, as shown schematically
in Figure 5.1. The central loop contains the refrigerant flow. A hot water loop
is used to partially evaporate the refrigerant before entering the test section and a
cold water loop condenses and subcooles the refrigerant after the test section. The
fourth and final loop contains thermal oil, precisely kept at a certain temperature
by a thermostat. This loop is used to control the saturation temperature at the test
section inlet. In this section, these loops and their components will be discussed in
more detail. The specifications of the measurement equipment are summarized in
Appendix A.
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Figure 5.1: Schematic representation of the main fluid loops contained in the test facility
5.1.1 Refrigerant loop
In Figure 5.2 a schematic representation of the refrigerant loop is shown, the
main components of this loop are a condenser, a pump, mass flow meter, a
preheater, the test sections and a shell and tube heat exchanger. The pump provides
subcooled refrigerant to the preheater, where it is heated and partially evaporated
to the desired vapour quality. Next, the refrigerant is fed to the test sections and
subsequently to the condenser. The condenser consists of a plate heat exchanger
and the cold water loop provides a water/glycol mixture to cool it. The refrigerant
pressure and temperature are measured at three main locations in the refrigerant
loop: after the condenser in order to monitor the subcooling and before and after
the preheater to monitor the vapour quality. The shell side of a shell and tube heat
exchanger is connected to the refrigerant loop, thermal oil flows through the tubes.
The temperature of the thermal oil is precisely conditioned with a thermostat in
order to control the saturation temperature at the inlet of the test section. In this
loop, a magnetically driven gear pump is used to avoid the presence of oil in the
refrigerant. The oil content has a significant effect on the pressure drop and heat
transfer [42] and must therefore either be controlled or avoided. The preheater
consists out of six tube-in-tube heat exchangers operated in counterflow (Figure
5.2). The refrigerant flows through the central tube (8 mm ID/9.5 mm OD) and
water from the hot water loop flows through the annulus. The outside tubes are 22
mm OD/20 mm ID copper tube. All preheater tubes consist out of copper. The
first tube-in-tube heat exchanger has a length of 1 m, the second has a length of
2 m and the remaining four heat exchangers are each 3 m long. Due to shut-off
valves on the water side of the preheater, the total preheater length can be varied
between 1 m and 15 m in steps of 1 m. At the refrigerant side, bypasses allow to
exclude two tube-in-tube heat exchangers at a time. The water temperature at the
inlet and outlet of each preheater section is monitored with K type thermocouples.
REFRIGERANT TEST FACILITY 41
180
180
Condenser
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Preheater
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Pressure and temperature measurement
Figure 5.2: Refrigerant loop
5.1.2 Hot water loop
In Figure 5.3, the main components of the hot water loop are shown. The central
component of this loop is an insulated vessel with a capacity of 2000 litre. A boiler
(55 kW) is used to heat up the water in the vessel to a desired temperature. The
necessary water temperature differs depending on the experimental conditions, for
the test conditions attained in this work the water temperature was varied between
20○C and 30○C.
Hot water vessel
Boiler
Temperature measurement
Preheater
Figure 5.3: Hot water loop
In the vessel itself, three K-type thermocouples are placed to monitor the
water temperature at the top, middle and bottom of the vessel. The inlet and
outlet temperatures of the boiler are also measured. The boiler is not operated
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continuously, it is only used to bring the temperature of the vessel to a certain
temperature in between measurements. A second pump is used to circulate the
water from the vessel through the annulus of the preheater. The mass flow rate
flowing through the preheater is controlled by a 3-way valve and a Coriolis type
mass flow meter (25-500 kg/h ± 0.2%) is used to measure the mass flow rate.
5.1.3 Cold water loop
The cold water loop components are shown in Figure 5.4, the fluid flowing in this
loop is a water/glycol mixture (70%/30% by volume). The main component of
this loop is a vessel with a capacity of 900 litre.
Cold water vessel
Temperature measurement
CondenserChiller
Figure 5.4: Cold water loop
The water glycol mixture in this vessel is conditioned to a certain temperature
by a 37kW chiller which is located outside. A control unit (µchiller ®) is used
to set the temperature of the cold water loop from inside the building. The
water/glycol mixture is used to cool the condenser, a circulation pump and a three
way valve are again used to control the mass flow rate to the condenser.
5.2 Parameter control
The main goal of the test set-up is to generate two-phase refrigerant flow at a
certain temperature, mass flux and vapour quality at the inlet of the test section.
Of the four loops shown in Figure 5.1, the refrigerant loop is the actual circuit of
interest. The sole purpose of the three additional loops is to maintain the refrigerant
loop at a certain condition. In this section it is discussed how these loops are
controlled in order to reach the desired conditions. Control of the setup, logging of
data and online calculations of the system conditions are performed with National
Instruments DAQ cards and Labview software.
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5.2.1 Mass flux
The gear pump used in the refrigerant circuit is a volumetric pump and hence the
mass flow rate can be controlled by setting the frequency of the pump rotor. For a
given pump frequency, the mass flow rate is not fixed because the pressure drop in
the circuit depends on the attained vapour quality. Therefore, a coriolis type mass
flow meter is installed just after the pump, to measure the mass flow rate. With
this mass flow rate m˙R, the mass flux can be determined with Eq. 5.1.
G = m˙R
piD2
4
(5.1)
The frequency control of the pump is set with an output signal between 0-10V,
this value is entered manually. The instantaneous mass flow rate is measured and
the corresponding mass flux is calculated online in the main control program.
Based on this reading, the frequency control can be altered accordingly by the
operator until the desired mass flux is reached. The relative uncertainty on the
mass depends on the tube diameter and the refrigerant mass flow rate. In general
the relative uncertainty on G is always below 1% for D = 8 mm and below 2% for
D = 4.83 mm. Further details on the uncertainty of the mass flux can be found in
Appendix B.
5.2.2 Vapour quality
The vapour quality at the inlet of the heat exchanger depends on the heat
transferred from the hot water circuit to the refrigerant circuit in the preheater.
It is determined through a heat balance (Eq. 5.2), assuming that all the heat that is
withdrawn from the hot water circuit in the preheater goes to the refrigerant circuit.
m˙R(hR,PHout − hR,PHin) = m˙w,PHcp,w(Tw,PHin − Tw,PHout) (5.2)
x = (hR,PHout − hR,L)(hR,V − hR,L) (5.3)
In Eq. 5.2, the mass flow rates m˙R and m˙W,PH and the water temperatures
Tw,PHin and Tw,PHout can be directly measured. The specific heat of the
water in the preheater cp,W is determined at the average water temperature and
a pressure of 0.25 MPa (absolute). The subcooling at the outlet of the condenser
is continuously monitored, since the refrigerant is subcooled at the inlet of the
preheater, the enthalpy hR,PHin can be calculated based on the temperature and
pressure measurement at this location. The only unknown in the heat balance
hR,PHout can thus be determined and together with Eq. 5.3, the vapour quality x
can be calculated. In Eq. 5.3 the enthalpy for the liquid and the vapour phase hR,L
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and hR,V are determined based on the pressure at the outlet of the preheater. The
vapour quality x can be set by varying the temperature of the hot water, the size of
the preheater and the mass flow rate of the water. The uncertainty on the vapour
quality mainly depends on the uncertainty on the transferred heat in the preheater.
This uncertainty is monitored online. In Appendix B the procedure for calculating
the uncertainty on x and some sample calculations are shown.
5.2.3 Saturation temperature
The refrigerant saturation temperature - and therefore also saturation pressure - at
the inlet of the test section is controlled by the thermal oil loop (Figure 5.5). The
shell side of a shell and tube heat exchanger (2 pass tube bundle, K203H by Bitzer)
is connected to the refrigerant loop (Figure 5.2), containing a considerable amount
of the total refrigerant charge in the loop.
Thermostat bath
Shell and tube
Condenser
Refrigerant 
pump
Figure 5.5: Thermal oil loop for temperature control
A precision thermostat bath (Huber CC415, 5 litre) is connected to the tube side
of the shell and tube, circulating thermal oil through the bundle. The temperature
of this oil is controlled by the thermostat, it has a temperature range of -40 to 200oC
with a temperature stability of ±0.2oC. For a given temperature of the thermal
oil, the temperature reached at the test section inlet is dependent on the preheater
length, the cold and hot water temperature and the refrigerant and water mass
flow rate. For each measurement, the temperature at the inlet of the test section
is monitored and the temperature of the thermal oil is adjusted until the desired
saturation temperature is reached within ±0.5oC.
5.2.4 Subcooling
The subcooling level ∆TS is defined as the difference between the saturation
temperature TR,sat and the actual refrigerant temperature TR (Eq. 5.4).
∆Tsub = TR,sat − TR (5.4)
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It is imperative that the subcooling level is always high enough to ensure that
the refrigerant exits the condenser in the liquid phase. The refrigerant subcooling
level after the condenser is continuously monitored in the control program, TR,sat
is determined based on a pressure measurement at this location.
5.3 Test sections
In this work the two-phase flow behaviour and pressure drop in the vicinity
of a single return bend will be investigated. The flow behaviour will be
evaluated by measuring the time trace of the capacitance of the flow. Due to
the difference in dielectric constant between the phases, the capacitance of the
two-phase flow is an indication of the amount of vapour and liquid present in
the channel. The variation of the capacitance of the flow over a period of time
can be linked to the two-phase flow behaviour [41]. Two test sections are added
to the main test facility (Sections 5.1 and 5.2) to allow for evaluation of the
two-phase flow behaviour and the pressure drop in the vicinity of a sharp 180○
bend. Due to the construction of the capacitance sensor (Section 6.3), both
pressure drop measurements and capacitance measurements cannot be performed
at approximately the same locations along the tube. For this reason, two parallel
test sections - one for pressure drop measurements and one for capacitance
measurements - are tested for each bend geometry. Five different bend geometries
are tested, these are summarized in Table 5.1. Due to practical limitations, the
channel diameters and bend radii are not identical for both test sections. This work
mainly focusses on small tube diameters and sharp return bends (small curvature
ratio 2R/D) for in these cases, the effect of the return bend can be quite significant.
Furthermore, the tested bend diameters and curvature radii are in the range of tube
diameters and curvature radii used in compact fin-and-tube heat exchangers for
domestic heat pumps.
Capacitance section Pressure drop section
OD ID R 2R/ID OD ID R 2R/ID
Geometry 1 9.53 8 11 2.75 9.53 8.1 10.2 2.55
Geometry 2 9.53 8 12.5 3.13 9.53 8.1 12.7 3.13
Geometry 3 9.53 8 15.8 3.95 9.53 8.1 16 3.95
Geometry 4 6.35 4.83 7.8 3.23 6.35 4.93 8 3.23
Geometry 5 6.35 4.83 10.7 4.43 6.35 4.93 10.9 4.43
Table 5.1: Tested bend geometries for both the test section for capacitance measurements
and the test section for pressure drop measurements, the diameters and radii are in mm
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It is important to note here that for both tube diameters (8/8.1 mm and 4.83/4.93
mm), the channels can be considered macro scale. It is generally accepted that
below a certain length scale (diameter) the methods appropriate for larger diameter
channels are not applicable any more [43]. However, some discussion exists
on where the transition between macro and micro scale takes place. Kew and
Cornwell [44] defined the confinement number as shown in Eq. 5.5 and showed
that if Co >0.5 the flow can be assumed to be microscale.
Co = √ σ
gd2h(ρL − ρV ) (5.5)
Mehendal et al. [45] classified the channels based on their hydraulic diameter
dh: for 1 - 100 µm they assume micro scale, for 0.1 - 1 mm mini-scale and for
1 - 6 mm macro scale. Channels with a diameter above 6 mm are designated as
conventional channels. Kandlikar [46] also classified the channels purely based
on their hydraulic diameter. However, the limits are somewhat different: micro
channels are found in the range 50 - 600 µm, mini channels for diameters between
0.6 - 3 mm and macro channels for diameters above 3 mm. The transition from
micro to macro scale is a result of the shift in the relative importance of the
acting forces, e.g. gravity versus surface tension, and hence it is unlikely that a
classification based on diameter will be universally applicable to all possible fluids.
Harirchian and Garimella [45] derived a criterion based on the Bond number Bo
and the Reynolds number: the transition between micro and macro scale lies at
Re
√
Bo = 160. With Bo defined as shown in Eq. 5.6 and the Reynolds number as
shown in Eq. 5.7 [45].
Bo = gd2h(ρL − ρV )
σ
(5.6)
Re = Gdh
µL
(5.7)
For the present case, which is R134a at a temperature of 15○C the confinement
number Co = 0.11 for the tubes with a diameter of 8.1 mm and Co = 0.18 for a
diameter of 4.93 mm. Hence, for both diameters the confinement number is still
significantly below the limit by Kew and Cornwell [44] of 0.5 which is reached at a
diameter of 1.8 mm for the present case. The limit set by Harirchian and Garimella
[45] is also not reached, for this case Re
√
Bo = 160 for dh = 0.33 mm. Also note
that the limits set by the different authors differ significantly.
5.3.1 Test section for capacitance measurements
The test section for capacitance measurements always contains three sensor
entities: one bent channel sensor probe and two smaller straight channel sensor
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probes (Subsection 6.3.1). The bent channel probe contains 18 measurement sites,
9 at either side of the return bend, as shown in Figure 5.6.
180
8b7b 9b
8a7a 9a5a4a 6a
5b4b 6b2b1b 3b
2a1a 3a
3a Electrode pair
Figure 5.6: Sensing electrode locations for the bent channel probe type
The locations between each measurement site and the inlet/outlet of the bend
are mostly represented as a number of inner tube diameters. A bent channel probe
is constructed for each geometry shown in Table 5.1, Table 5.2 shows the locations
of the measuring sites for each of these probes. The straight channel sensors each
contain 3 measurement sites, the centres of these three consecutive measurement
sites are 2.5D apart from each other. In contrast to the bent channel probe, the
actual distance between these measurement sites and the bend inlet/outlet is not
fixed, the straight channel probes can be positioned at a random distance from the
bent probe. In practice, one straight probe is positioned far upstream of the bend,
as a reference measurement and one is placed somewhat downstream of the bent
probe as shown in Figure 5.7.
Sensor ∆L [D] ∆L [mm] for D = 8 mm ∆L [mm] for D = 4.83 mm
1 2.5 20 12.3
2 5.5 43.5 26.7
3 8.5 67 41.2
4 16 124.5 76.8
5 19 148 91.3
6 22 171.5 105.8
7 29 229 141.4
8 32 252.5 155.9
9 35 276.5 170.4
Table 5.2: Distance between the middle of the sensing electrode and the inlet/outlet of the
return bend for the locations shown in Figure 5.6
The precise distance between the measurement sites in the straight sensor
probes and the bend inlet/outlet vary every time the test section is mounted again,
these distances will be reported in the discussion of the measurements.
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Figure 5.7: Schematic showing the positioning of the different sensor probes relative to
each other for downward oriented flow
5.3.2 Test section for pressure drop measurements
In essence the pressure drop test section consists out of one hairpin tube. To avoid
any disturbance of the flow apart from the effect of the bend, these hairpins are
bent from a single part of tubing of 4 metres long. In order to measure the pressure
drop over several sections of this hairpin, pressure taps are inserted into the pipe
wall. These are small holes through which the pressure at that point in the tube
can be measured. It is important that the diameter of these pressure taps is as
small as possible and that the edge is smooth. This is to avoid the occurrence of
vortices in the flow due to the pressure tap for in this case the measurement at this
point would deviate from the actual pressure [47]. For this reason, the pressure taps
cannot simply be drilled into the tube wall for - even if the diameter would be small
- burrs would be present at the inside edge of the tap. Due to the small diameter
of the tubes and their considerable length, it would be impossible to remove these
burrs effectively.
Figure 5.8: Pressure tap created through die-sink electrical discharge machining. The
diameter of tap is 0.5 mm, this figure shows that the edge of the tap is indeed not perfectly
smooth but that the bulges along the edge are small compared to the tap size.
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For the test sections used in this work, the pressure taps were created through
die-sink electrical discharge machining. The diameter of the taps is 0.5 mm, a
picture of one tap seen under a microscope is shown in Figure 5.8.
Capillary tubes form the connection between the pressure taps and the
differential pressure transducer. Due to the relatively small wall thickness a
connector for the capillary tubes cannot be applied to the tube directly. For this
reason, small brass blocks are brazed onto the tubes adding enough material to add
a connector (Figure 5.9a). Furthermore, the pressure taps are located at the top of
the tube to avoid liquid droplets in the capillaries (Figure 5.9b).
Length [D] Location of centre [D]
30 -118
30 -17
30 17
30 67
30 118
Table 5.3: Length and location of the pressure drop intervals. The location of the centre is
referred to the inlet or outlet of the bend, depending if the interval is located upstream of
the bend (negative distance) or downstream of the bend (positive distance)
Due to the vertical orientation and the relatively small radii, the connectors
cannot be mounted at the top of the tube but have to be placed at the side of the
brass blocks.
(a) Part of the hairpin tube with the brass
blocks, the connectors and a part of the
capillaries
Copper tube
Pressure tap
Connection to 
capillary tube
g
(b) Schematic of the cross section of Figure
5.9a
Figure 5.9: Construction of the pressure drop test section and the connection between the
tube and the capillary tubes leading to the pressure transducer
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Figure 5.9a shows a part of the hairpin tube with the brass blocks, the connectors
and a part of the capillaries connected. In Figure 5.9b, a schematic of the cross
section of Figure 5.9a is shown, indicating how the pressure tap at the top of the
tube is connected to the capillary at the side of the brass block.
The pressure drop is measured in five intervals along the hairpin, the location
and length of these intervals is summarised in Table 5.3. The pressure drop over
each interval is measured with two differential pressure transducers with different
ranges placed in parallel. This is in order to cover the full range with a low
uncertainty. Both differential pressure transducers are by Endress+Hauser, one
has a range of 1kPa±0.5Pa and the other has a range of 10kPa±5Pa. The capillary
tubes are connected to a valve manifold which permits to isolate the pressure drop
measurement at each location separately.
5.4 Test methodology
For each of the bend geometries shown in Table 5.1 capacitance time traces and
pressure drops are measured at several locations along the test section. One
exception was made for the bend with a radius of 7.8 mm and a channel diameter
of 4.93 mm was not tested. For this geometry there was simply too little room to
braze the connectors to the pressure taps and hence no pressure drop measurements
were performed for this geometry. Each geometry is tested for both upward and
downward oriented flow. Two saturation temperatures are tested: 10○C and 15○C.
For the bend geometries with a channel diameter of 8.1 mm tests were performed at
mass fluxes of 200 kg/m2s, 300 kg/m2s, 400 kg/m2s and 500 kg/m2s. For the bend
geometries with a smaller channel diameter (D = 4.93 mm) tests were performed
at mass fluxes of 300 kg/m2s, 400 kg/m2s and kg/m2s. Table 5.4 shows the ranges
for the dimensionless numbers occurring during the tests. The Reynolds, Froude,
Weber and Dean number are calculated for each phase as shown in Section 2.3.
The Reynolds numbers are calculated based on the true mean velocities (Eqs.
2.13).
Liquid phase Vapour phase
Re 1.68 ⋅104 - 1.09 ⋅105 1.18 ⋅104 - 1.94 ⋅105
Fr 0.32 - 3.41 902 - 1.29 ⋅104
We 25 - 170 1.42 ⋅103 - 9.75 ⋅103
De 7.98 ⋅103 - 6.59 ⋅104 5.78 ⋅103 - 1.17 ⋅105
Table 5.4: Dimensionless number ranges occuring during experimental campaign
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5.5 Conclusion
The measurements for this work are performed with a existing setup designed to
generate two-phase refrigerant flows. The first two sections of this chapter discuss
the different loops of the setup and the parameter control.
In order to facilitate the necessary measurements for this work, two test sections
were added to the existing setup. One test section is used to measure the pressure
drop in different intervals along the straight tube sections up- and downstream of
a sharp return bend. The second test section is used to measure the capacitance
of the flow at different locations up- and downstream of a sharp return bend. In
both test sections, five different bend geometries are tested in both upward and
downward oriented flow. Tests are performed at saturation temperatures of 10○C
and 15○C and mass fluxes ranging from 200 kg/m2s to 500 kg/m2s.

6
Capacitance sensor construction and
calibration
In this chapter several aspects of the capacitance sensor used in this work are
addressed. This sensor will be used to assess the disturbance of two-phase flow
behaviour in the vicinity of a sharp return bend. In section 6.1 the sensor design
by Canie`re [41] will be discussed, since this design was the starting point for
the sensors developed in this work. This initial design was used for flow regime
discrimination in a straight horizontal 8 mm tube. The capacitance reading gives
an indication of the void fraction. However, a calibration of the sensor is necessary
to be able to accurately measure the void fraction. A calibration technique is
developed in this work and proposed in Section 6.2. Finally, in Section 6.3, the
construction of the sensor probes used in this work is discussed.
6.1 Original sensor design
In general, the sensor developed by Canie`re [41] consists of two main parts which
are both made in-house: the sensor probe and the sensor tranducer. The probe
contains the sensing and guard electrodes and is built into the test section. The
sensor transducer comprises the electronics necessary to measure the capacitance
between the sensing electrodes of the probe. A cross section of the sensor probe is
shown in Figure 6.1. The concave electrodes are placed around the tube wall; the
electrode angle β is 160○. To attain a high sensitivity to the capacitance changes
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of the two-phase flow, the thickness of the tube wall should be small [41].
Tube wall
Electrode
Casing
Epoxy
D β3D printed
plastic
Figure 6.1: Cross section for the sensor design by Canie`re [41]
To attain a thin tube wall, a flexible circuit material (ULTRALAM® 3850 by
ROGERS Corporation) is used. This material is a laminate of a thin layer of
dielectric material and a layer of copper cladding. The electrodes are etched from
the copper cladding and the dielectric layer acts as the tube wall with a thickness of
50µm. The axial length of the electrodes is 8 mm. The sensor probe contains three
electrode pairs: the middle electrodes are the sensing electrodes, between which
the capacitance is measured, the two outer electrodes act as guard electrodes to
reduce the fringing of the electric field lines. Because of their limited thickness
the tube wall and electrodes have little strength. Therefore, they are glued in
plastic parts to give them structural integrity. These plastic parts are either 3D
printed or machined in-house. In both cases these parts are carefully designed
and made to ensure a smooth transition between the flexible tube wall and the
rest of the probe and tubing of the set up. This assembly is then placed in an
aluminium casing which will act as a shield for electromagnetic interference. The
gaps between the plastic parts and the casing are filled with a two-component
epoxy potting compound. This yields a leak free and pressure resistant sensor
probe. The sensor transducer is connected to the sensor probe to measure the
capacitance between the sensing electrodes of the probe. The transducer ciruit is
based on the design of a stray-immune capacitance meter by Yang and Yang [48].
Many of the existing capacitance meters are not stray-immune, which means that
stray capacitance between the measurement terminals and the ground affect the
measurement. Without stray-immunity is is difficult to measure small capacitances
of e.g. < 10 pF. This design was then further improved for this specific application
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and range to improve accuracy and reduce noise.
6.2 Sensor calibration
Due to the difference in dielectric constant between the phases, the capacitance of
the two-phase flow is an indication of the amount of vapour and liquid present
in the channel. However, the sensor developed by Canie`re [41] needs to be
calibrated in order to accurately measure the void fraction. To understand why
this is necessary, consider a parallel plate capacitor consisting out of two parallel
plates with a surface area A seperated by a distance d. The capacitance C can be
found according to Eq. 6.1 [49].
C = ε0kA
d
(6.1)
In this equation ε0 is the absolute permittivity of free space, it is equal to
8.854.10−12F /m [50] and k is the relative permittivity or dielectric constant of
the medium in between the capacitor plates. If the medium present between the
plates is single-phase, the capacitance can be readily determined through Eq. 6.1.
However, if the space between the electrodes is filled with two different media
or two phases of the same medium, the capacitance will be influenced by the
dielectric constant of each phase or medium and the shape of the interface between
the plates. That the spatial distribution of the phases does have an effect can be
seen by comparing Figure 6.2 and Figure 6.3. Figure 6.2 shows three different
interface structures: a stratified liquid layer (Figure 6.2a), liquid flow with a
central vapour bubble (Figure 6.2b) and liquid flow with an off-centre vapour
bubble (Figure 6.2c). In Figure 6.3 the relation between the void fraction for these
interfaces and the measured capacitance is shown. These curves were determined
through 2D FEM (Finite Element Method) simulations [51]. For these curves, the
dielectric constant of the vapour kV was set to 1 and the dielectric constant of the
liquid kL was set to 10 (Table 6.1).
(a) Stratified flow (b) Central vapour
bubble
(c) Off-centre vapour
bubble
Figure 6.2: Parallel plate capacitor with different phase distributions between the plates
From Figure 6.3a the difference between the stratified interface and the bubble
is clear: for the same void fraction the capacitance can differ up to 20% between
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the different interface structures. The difference between the two bubble interfaces
is less pronounced, as can be seen in Figure 6.3b, however, it does become more
significant for higher void fractions (bubble diameters).
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(a) Stratified flow vs. central bubble
0.45 0.5 0.55 0.6 0.65 0.7 0.75
0
0.05
0.1
0.15
0.2
C [pF]
ε 
[−]
 
 
Central bubble
Off−centre bubble
(b) Central bubble vs. off-centre bubble
Figure 6.3: Relation between void fraction ε and capacitance C for the cases shown in
Figure 6.2
The sensor used in this work has curved electrodes in order to closely fit
the shape of the tube wall. This curvature also has an effect on the measured
capacitance. Imagine the sensor plates to be built up out of a large number of
parallel plate capacitors, each with the same surface area. At the top and bottom
of the tube, the distance d between the plates is smaller compared to the middle
of the tube. According to Eq. 6.1 the capacitance measured between the plates at
the top and the bottom of the tube wil be higher for a constant k compared to the
middle of the channel. This adds another complexity compared to parallel plate
capacitors.
Based on these considerations it is clear that not only the void fraction but also
the spatio-temporal distribution of the phases has an influence on the measured
capacitance. Since two-phase flow is subdivided into several flow regimes based
on the spatio-temporal distribution of the phases (see Section 2.1), a flow regime
specific calibration will be necessary.
Electrostatic problems are governed by Eq. 6.2 [52]. These are the Laplace
equations for a static electric field. E⃗ is the electric field and Φ(r⃗) is the spatial
distribution of the scalar potential.
∇.[ε0k(r⃗)∇Φ(r⃗)] = 0 (6.2a)
E⃗ = −∇Φ(r⃗) (6.2b)
For any arbitrary case, the capacitance can be calculated with Eq. 6.3. To
apply this equation, the electric field should be determined through Gauss’ law
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(Eqs. 6.4) [53]. Φs and Φdt are the electric potentials of the source and the
detector electrodes, respectively and ∆Φ is the potential difference between both
electrodes.
C = Q
∆Φ
= −ε0 ∮S k(r⃗)∇Φ.dA
Φs −Φdt (6.3)
∮
S
D⃗.dA = QS (6.4a)
D⃗ = ε0k(r⃗)E⃗(r⃗) (6.4b)
In order to calculate the capacitance, the above equations need to be solved.
For the specific case of two-phase flow, some analytical solutions are available
for simplified cases [54]. However, the two-phase flow behaviour in general is
too complex to allow for an analytical solution [55]. Therefore the finite element
method [51] will be used in this work to determine the capacitance. Within the
range of conditions attainable with the setup used in this work, three main flow
regimes occur: slug flow, intermittent flow and annular flow. How the calibration
curve can be obtained for these three flow regimes will be discussed in Subsection
6.2.2. However, before the calibration curves can be determined, the dielectric
constant for the liquid phase kL and the vapour phase kV need to be determined.
This is discussed in 6.2.1.
The calibration of the sensor was performed in this work and tested with the
data set by Canie`re [41], this data set comprises capacitance measurements for
horizontal round tubes with an inner diameter of 8 mm. The mass flux ranges
between 200 to 500 kg/m2s, the vapour quality x ranges between 2.5% and
97.5%, the saturation temperature is set to 15○C and refrigerants R134a and R410A
were used.
6.2.1 Dielectric constant of the phases
In order to determine the calibration curves, a good estimate of the dielectric
constant for the liquid phase kL and the vapour phase kV is necessary. Ribeiro
and de Castro [56] made a review on the dielectric properties of liquid refrigerants
and a method to estimate the dielectric constant was proposed. In literature
the dielectric constants for the liquid and vapour phase of most frequently
used refrigerants can be found at some fixed temperatures [57], some examples
are shown in Table 6.1. For single-phase flow, the measured capacitance is
directly proportional to the dielectric constant of the fluid. For two-phase flow,
the dielectric constant of both phases also strongly influences the measured
capacitance, hence the dielectric constant needs to be determined sufficiently
accurate. If tabulated values or models are not at hand for the fluid and conditions
of interest or one simply wants to check the validity of the estimate, the dielectric
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constants can be estimated based on the measurements. In this section a method
to derive the dielectric constants from the measurements is proposed.
Refrigerant chemical name kL [-] kV [-]
R11 Trichlorofluoromethane 1.92 1.009
R22 Chlorodifluoromethane 6.12 1.004
R32 Difluoromethane 14.27 1.0102
R134a 1,1,1,2-tetrafluoroethane 9.51 1.0125
R245fa 1,1,1,3,3,-pentafluoropropane 6.82 1.0066
R290 Propane 1.27 1.009
Table 6.1: Dielectric constant of the liquid phase (kL) and the vapour phase (kV ) for some
common refrigerants at ambient temperature [57]
Due to the way the sensor is constructed, the measured capacitance is not solely
due to the flow passing through the electrodes. As can be seen in Figure 6.1,
the electrodes are surrounded by plastic, epoxy and a casing to give the sensor
structural strength and shield it. Due to fringing of the electric field lines, the
material around the sensor induces an offset in the measured capacitance. In
Figure 6.4 the capacitance is compared for the case where no material is placed
around the electrodes and the case where a layer of plastic is placed around the
electrodes. The dielectric constant of the vapour, liquid and plastic were set to 1,
8 and 3, respectively. The considered flow regime is stratified and the thickness
of the plastic layer is 3 cm. As can be seen in Figure 6.4, the presence of the
plastic causes an offset, which is independent of the void fraction. This was
also seen for interface structures other than stratified, however, this is not shown
here for simplicity. Hence this offset will be cancelled out if differences between
capacitances are considered.
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Figure 6.4: Effect of a layer of plastic around the electrodes on the measured capacitance.
The flow regime is stratified, kV = 1, kL = 8 and kplastic = 3. The thickness of the plastic
layer is 3 cm
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To determine the dielectric constant of the phases, a capacitance measurement
for full vapour flow CV (ε=1) and full liquid flow CL (ε=0) is necessary. As a
consequence of the considerations above, the difference between CV and CL is
independent of the material around the electrodes.
The dielectric constant of a gas in general - and thus also the dielectric constant
for the vapour phase - is generally close to 1 [58], this is also shown in Table 6.1. If
an initial guess for the dielectric constant of the vapour is made, the capacitance for
full vapour flow CV can be determined using FEM simulations. The capacitance
for the liquid flow CL can then be determined as CV + ∆CLV , ∆CLV is the
difference between the measured CV and CL values. Note that the measured
capacitance for full vapour flow is most likely not equal to the CV determined
through FEM (Figure 6.4). The dielectric constant for the liquid can then be
derived based on the measured CL and FEM simulations.
Cnorm = Cm −CV
∆CLV
= Cm −CV
CL −CV (6.5)
Hence, if an estimate of the dielectric constant kV is made, kL can be derived
using FEM simulations. Furthermore, the range for kV is known (between 1
and 2). A reasonable estimate for kV is thus possible, however, the effect of
this estimate on the resulting calibration curves is unknown. In Figure 6.5 the
calibration curves are shown for three different estimates of kV and a fixed ∆CLV .
In this figure, the normalized capacitance is shown (Eq. 6.5) as a function of the
void fraction for stratified flow. As can be observed, the calibration curves coincide
for the three estimates of kV . It is important to remark here that, although the
values of kV and kL are dependent of the initial estimate of kV , the difference
between the two dielectric constants is of major importance. This difference is
independent of the initial estimate and is based on the measurements. Applying
this method to the data set of Canie`re [41], ∆CLV was found to be 1.185 pF for
R410A and 1.177 pF for R134a. If kV is assumed to be 1.5 for both refrigerants,
kL was found to be 7.7 for R410A and 7.76 for R134a.
6.2.2 Gas liquid interface structure for flow regimes
In order to determine the relation between the void fraction ε and the measured
capacitance, the interface structure for the considered flow regime must be known.
As was already stated, the interface structure for two-phase flow regimes can be of
a complex nature. In this section, an acceptable approximation for the interfacial
structure is determined. Furthermore, some features of the interface structure are
dependent of the mass flux G and/or the vapour quality x. An example is the
asymmetry in the film thickness seen for annular flow, this asymmetry is more
pronounced for low x and G. If these features have a significant effect on the
calibration curve, this would make the calibration curves dependent on the mass
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Figure 6.5: Calibration curves for three different estimates of kV , ∆CLV = 0.93pF for all
three cases
flux and the vapour quality, which would significantly complicate the calibration
method. In this section the impact of G and x on the calibration curve will be
discussed.
6.2.2.1 Slug flow
For slug flow, the interface structure has a periodic variation. Large vapour bubbles
(Figure 6.6a) are alternated by liquid slugs containing a few small vapour bubbles
(Figure 6.6b). In Figure 6.6a and Figure 6.6b the interface structures for horizontal
slug flow are shown. In this case the vapour bubbles tend to the top of the tube,
due to buoyancy.
(a) Large vapour bubble (b) Liquid slug
Figure 6.6: Schematic representation of the interface structures for slug flow
Wojtan et al. [59] used an optical technique to measure the void fraction for
slug and stratified flows. Basically, they visualize the interface structure inside
the channel and calculate the void fraction based on these images. These images
show that the cross section of the large vapour bubbles can be approximated by a
stratified flow interface as shown in Figure 6.7a.
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(a) Stratified flow structure (b) Cylindrical bubble flow structure
Figure 6.7: Schematic representation of the assumed interface structures for slug flow
At both ends of these bubbles a liquid film between the bubble and the channel
wall can exist, the existence of this liquid film is neglected in this first estimate.
However, as the void fraction increases and the vapour phase accelerates, the liquid
can be pushed to the sides of the channel forming a liquid film between the bubble
and the wall and the interface structure will start to resemble the one shown in
Figure 6.7b. Good results were found for the slug flow measurements assuming a
stratified interface.
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Figure 6.8: Calibration curve for slug flow compared to the curves for stratified flow
(Figure 6.7a) and the cylindrical bubble interface (Figure 6.7b)
However, as discussed in Section 6.2.2.3, the calibration curve for slug flow will
also be used for the intermittent flow regime. In the transition between slug and
intermittent, a liquid film will start to form around the perimeter of the tube. For
this reason, the slug calibration curve was constructed in the following way: for
void fractions below 0.7 the interface structure is assumed to be stratified (Figure
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6.7a); for void fractions above 0.7 the calibration curve is a linear interpolation
between the curve for stratified flow and the curve for the cylindrical vapour
bubble. The starting point for the interpolation is chosen at ε = 0.7, around this
value of ε the transition between slug and intermittent flow happens. The exact
value of ε is dependent of the experimental conditions, however, 0.7 proved to be
a good average value. This calibration curve is shown in Figure 6.8, together with
the C-ε relation for the stratified flow structure and the cylindrical bubble flow
structure.
6.2.2.2 Annular flow
For annular flow, the main feature defining the interface structure is the presence
of a relatively thin liquid film over the full perimeter of the tube and a vapour core
flowing inside this film. The simplest representation of annular flow is shown in
Figure 6.9b. However, a more realistic representation is shown in Figure 6.9a:
liquid droplets are entrained in the vapour core and the liquid film is thicker at the
bottom of the tube. It is important to state here that the asymmetry of the liquid
film is only seen in horizontal tubes.
(a) Annular flow
structure
(b) Simplified annular
flow structure
Figure 6.9: Schematic representation of the annular flow structure and the simplified
interface structures
The effect of gravity on the annular flow structure can be expressed as the
asymmetry of the liquid film. This is defined as the ratio of the liquid film thickness
at the bottom δbottom and the liquid film thickness at the top δtop. In Figure 6.10
the asymmetry of the liquid film is shown as calculated with the correlation of
Schubring and Shedd [60] . This figure shows that the asymmetry is high for low
vapour quality x and low mass flux G, these are conditions for which annular flow
is not likely to occur. Based on the common flow regime maps (e.g. Wojtan et
al. [61]), it can be stated that the asymmetry will always be lower than 3 for the
annular flow regime for the considered conditions. The results for R410A are not
shown here, but for this refrigerant the asymmetry is also limited to 3.
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Figure 6.10: Asymmetry of the annular liquid film for R134a, T = 15○C and D = 8 mm,
based on the correlation by Schubring and Shedd [60]
The effect of an asymmetry of 3 on the C-ε relation is shown in Figure 6.11.
In this figure the C-ε curves for a symmetric liquid film and for a liquid film
with an asymmetry of 3 are compared. These curves are generated with FEM
simulations. The difference between these two curves is limited, especially at
high void fractions, where annular flow generally occurs. For this reason, the
asymmetry of the liquid film will be neglected in the calibration.
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Figure 6.11: Comparison between the C-ε curve for a symmetric liquid film and for a
liquid film with an asymmetry of 3, R134a, T = 15○C and D = 8 mm
The entrained liquid fraction in the vapour core can be determined with the
correlation by Oliemans et al. [62] as shown in Eq. 6.6. The entrained fraction e
is defined as the ratio of the mass flow rate of droplets in the gas core m˙drop to the
total liquid mass flow rate m˙L.
e
1 − e = 10−2.52ρ1.08L ρ0.18V µ0.27L µ0.28V σ−1.8d1.72h u0.7sLu1.44sV g0.46 (6.6)
The droplet hold up is the ratio of the cross section taken in by the droplets in
the core to the total cross section of the tube. The maximum droplet hold up γ
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can now be estimated by neglecting the slip between the gas phase and the liquid
droplets [63], thus assuming they are small enough to follow the gas flow rather
than suffer from their inertia:
γ = e ε
1 − ε 1 − xx ρVρL (6.7)
In Eq. 6.7 the void fraction ε is determined with the Steiner version of the
Rouhani-Axelsson drift flux void fraction model [64, 65]. Figure 6.12a shows
the predicted droplet hold up for R134a at 15○C, one can see that γ is limited to
0.2 for all mass fluxes. For the sake of simplicity, the droplet hold up for other
temperatures and for R410A are not shown here, though they are all limited to 0.2.
Figure 6.12a gives an indication of the liquid holdup, however, this doesn’t render
any information on the size of the droplets. In Figure 6.12b, the Sauter mean
diameter for droplets in the vapour core is shown calculated with the correlation
by Azzopardi [66]. The results for R410A are not shown here for simplicity, but
they are entirely similar.
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(a) Droplet hold up γ in the vapour core for
R134a [62, 63]
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(b) Sauter mean diameter of the entrained
droplets for R134a, based on Azzopardi [66]
Figure 6.12: Estimated droplet hold up γ and Sauter mean diameter of the entrained
droplets for R134a, T = 15○C and D = 8 mm
For the vapour quality x and the mass flux G range where the flow is annular,
the Sauter mean diameter of the entrained droplets does not seem to be influenced
radically by G or x. Yet, the droplet hold up γ does vary quite significantly with
G and x. If the effect of the entrained droplets would be accounted for in the
calibration curves, this would result in a calibration which is dependent ofG, x and
the correlations that are used to predict the entrained fraction. This implies that a
separate C-ε relation for at least every mass fluxG should be available. This limits
the flexibility of the measurement technique. If the effect of the droplets in the gas
core is neglected, one C-ε relation for annular flow can be determined which is
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valid for all mass fluxes. Therefore, as an approximation, the annular interface is
assumed to be a perfect circular ring structure as depicted in Figure 6.9b), without
considering the entrainment or the effect of gravity. As shown above, the effect of
gravity has a negligible effect on the C-ε relation. As will be discussed further on,
this approximation yields good results for the low mass fluxes, where the droplet
hold up is limited. For higher mass fluxes the approximation leads to a slight
overestimation of the void fraction.
6.2.2.3 Intermittent flow
In the previous sections the interface structure for slug flow and annular flow
was discussed and how it can be approximated. However, the flow behaviour for
intermittent flow is chaotic and cannot be captured in a single interface structure.
Hence estimating the interface structure and generating a calibration curve based
on this estimate is not a straightforward task for this flow regime. Intermittent flow
is a transitional flow regime between the slug flow regime (low x) and the annular
flow regime (high x). Based on this consideration, the void fraction for intermittent
flow is calculated as a weighted average of the slug flow void fraction and the
annular flow void fraction. The most obvious way to perform this weighting is
based on the vapour quality as shown in Eq. 6.8. In this equation the void fraction
for a given vapour quality x for intermittent flow εI(x) is calculated as a weighted
average of the void fraction calculated with the calibration curve for annular flow
εA(x) and the one calculated with the calibration curve for slug flow εS(x). The
weighting coefficients depend on the distance between the present vapour quality
value x and the slug flow and annular flow regions: xIS is the vapour quality at
which the slug-intermittent flow transition is located and xIA is the vapour quality
at which the intermittent-annular flow transition lies. Hence, the closer x is to the
slug-intermittent transition boundary, the more ’slug-like’ the flow behaviour and
the higher the weighting coefficient for εS(x). As the vapour quality rises, the
weighting coefficient for the annular void fraction increases until the annular flow
regime region is reached and ε(x) = εA(x).
εI(x) = x − xIS
xIA − xIS εA(x) + xIA − xxIA − xIS εS(x) (6.8)
As will be discussed later, this weighted average renders a good agreement
with the Rouhani-Axelsson drift flux void fraction model [64, 65]. However, to
be able to apply this appoach, the vapour qualities x, xIS and xIA have to be
determined. Furthermore, to apply this flow regime specific calibration technique,
the flow regime has to be determined in order to select the appropriate calibration
curve. The classical approach to assign a flow regime to a certain measurement is
through a flow regime map, e.g. the one by Wojtan et al. [61] (Appendix C). To
be able to use such a flow regime map, again the vapour quality x the mass flux
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G have to be at hand. In a lab environment, this is generally not an issue for the
vapour quality x and the mass flux G are mostly monitored on a typical two-phase
flow test setup. However, in an industrial context, this often is not the case, only
the pressure and/or the temperature is monitored. In this case, the flow regime
map cannot be used nor can Eq. 6.8 be applied and this void fraction measurement
technique doesn’t have any meaning in an industrial context in its present form.
However, in the following paragraph, some alterations will be made, enabling this
method to be used in an industrial context.
The time trace of the capacitance of the flow is characteristic of the flow
behaviour. This can be seen in Figure 6.13 where capacitance time traces are
shown for different vapour qualities. For the lowest quality (x = 11%), the flow
regime is slug flow and the passing of the liquid slugs is reflected in the signal
peaks. For the slightly higher qualities, where the flow regime is intermittent, the
average signal value and the amplitude have decreased compared to the slug flow
signal. Moving to even higher vapour qualities, where the flow regime is annular
(x = 63%), the average and amplitude have decreased further and the frequency
content seems to have shifted to higher frequencies compared to the flow regimes
for lower vapour qualities. Canie`re [41] showed that based on the average, the
standard deviation and a frequency parameter of the signal, a flow regime can be
assigned. Hence, if this technique is used, the use of a flow regime map can be
omitted.
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Figure 6.13: Capacitance time trace for R134a, T = 15○C and D = 8 mm for G = 300
kg/m2s at different vapour qualities
As can be seen in Figure 6.13 a high average and a high standard deviation
combined with a low frequency content is characteristic for the slug flow regime.
On the other hand a low average and standard deviation together with a high
frequency content is typical for annular flow. Hence, it can be stated that the
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average, standard deviation and frequency content can be used as an indication of
the vapour quality.
εI(x) = (1 − F95)αωεS(x) + (1 − α)(1 − ω)F95εA(x)(1 − F95)αω + (1 − α)(1 − ω)F95 (6.9)
Based on these considerations, Eq. 6.9 is proposed as an alternative for Eq.
6.8. In this equation the average α, the standard deviation ω and the frequency
for which 95% of the spectrum is lower F95, are used for the weighted average.
In this equation, normalized values of α, ω and F95 are used. As will be shown
in the following section, this approach yields similar results as found for Eq. 6.8.
The advantage of using a weighted average based on these statistical parameters
(α, ω and F95) is that this method does not rely on the vapour quality and mass
flux.
6.2.3 Performance of the calibration technique
In this section, the results of applying the calibration technique to the dataset by
Canie`re [41] are shown. The calibration curves are shown in Figure 6.14 for both
fluids, they are practically identical due to the small difference in the dielectric
constants kL and kV as discussed in Subsection 6.2.1.
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Figure 6.14: Normalized calibration curves for R134a and R410A
The calibration technique is evaluated by comparing the estimated void
fractions with the Steiner version of the Rouhani-Axelson drift flux model [64, 65],
this correlation is shown in Eq. 6.10 and was found to yield the best prediction of
the measured void fractions by several authors [67, 68].
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ε = x
ρV
[(1 + 0.12(1 − x)) ( x
ρV
+ 1 − x
ρL
) + 1.18(1 − x)(gσ(ρL − ρV ))0.25
Gρ0.5L
]−1
(6.10)
In Figure 6.15 a graphical comparison is made between the Steiner version of
the Rouhani-Axelson model and the calibrated data for R134a. In this Figure,
the flow regime was assigned to each measurement with the flow regime map by
Wojtan et al. [61] and the void fraction for intermittent flow is calculated using
Eq. 6.8.
ε = xρV
x
ρV
+ 1−x
ρL
(6.11)
Also, the homogeneous void fraction is shown in this figure. The homogeneous
void fraction (Eq. 6.11) is found by assuming that both phases travel at a same
velocity and it is generally the upper limit for the void fraction [69].
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Figure 6.15: Calibration results for R134a, the weighting for intermittent flow is based on
Eq. 6.8, the flow regimes are assigned based on the flow regime map by Wojtan et al. [61].
Two void fraction models are shown for reference the Steiner version of the
Rouhani-Axelsson model (Eq. 6.10) and the homogenous void fraction (Eq. 6.11)
A comparison between the different calibration approaches for the different
flow regimes and fluids is shown in Table 6.2. In the first column (’Statistical
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parameters’) the flow regime for each measurement is assigned based on the
average α, the standard deviation ω and the F95 parameter as proposed by Canie`re
[41] and the void fraction for intermittent flow is calculated with Eq. 6.9. In
the second column (’Flow regime map’) the flow regimes are assigned to the
measurements based on the flow regime map by Wojtan et al. [61] and the void
fraction for intermittent flow is calculated with Eq. 6.8. In the last column (’Linear
C-ε relation’), a linear calibration curve was assumed. As can be seen in Table 6.2
and in Figure 6.15, the calibration method yields the best improvement compared
to the linear C-ε relation for intermittent flow, where the difference between the
model and the uncalibrated values is the highest. Furthermore, both calibration
techniques show similar results. At high void fractions an overestimate of the
void fraction is seen, this is probably the result of neglecting the liquid droplets
entrained in the vapour core.
Condition Statistical parameters Flow regime map Linear C-ε relationAVG(%) STD (%) AVG(%) STD (%) AVG(%) STD (%)
R410A, SF 6.67 10.52 1.75 10.68 18.43 17.81
R410A, IF 0.63 2.93 2.08 3.59 -7.33 2.77
R410A, AF 0.83 1.28 0.27 1.61 -2.56 2.45
R410A, total 1.27 4.07 1.07 4.67 -2.60 9.07
R134a, SF 0.07 11.70 -3.66 9.32 5.03 12.86
R134a, IF -0.63 1.62 0.49 1.89 -8.17 1.63
R134a, AF 1.38 1.60 1.22 1.58 -2.02 1.66
R134a, total 0.50 3.66 0.15 4.44 -4.04 5.44
Table 6.2: Comparison between the different calibration results and the Steiner version of
the Rouhani-Axelsson drift flux void fraction model (Eq. 6.10). AVG is the average
difference between the calibrated result and the model and STD is the standard deviation
of this difference. SF stands for slug flow, IF stands for intermittent flow and AF stands for
annular flow.
6.3 Sensor construction
As is the case for the sensor used by Canie`re [41], the sensor used in this work
to measure the capacitance of a two-phase vapour-liquid flow contains two main
components: the sensor probe and the sensor transducer. Both components are
made in-house.
6.3.1 Sensor probe
The heart of the sensor probe are the sensor electrodes, the sole purpose of the
remainder of the probe is to give the electrodes structural strength to withstand
the circuit pressure and to provide electromagnetic shielding. An electrode design
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similar to the one used by Canie`re [41] is adopted in this work. Both electrode
layouts are shown in Figure 6.16.
(a) Electrode layout used by Canie`re [41] (b) Electrode layout used in this work
Figure 6.16: Old and new electrode layout for a tube with ID 8 mm, sensing electrodes are
shown in black, the guard electrodes are shown in grey
In both cases, the electrodes are concave with an electrode angle of 160○ and
a pair of guard electrodes (grey) is placed either side of the sensing electrodes
(black). The main difference in layout is in the size and position of the guard
electrodes. The height of the electrodes is fixed due to the fixed electrode angle.
However, the axial length of the electrodes is not. In Figure 6.16a, the guard
electrodes and sensing electrodes have the same size: both have an axial length
of 8 mm (one tube diameter). The length of the guard electrodes was chosen
conservatively by Canie`re [41], since he measured only one capacitance in a
straight horizontal tube, the length of the guard electrodes does not matter much.
However, in this work, several capacitance measurements close to a return bend
have to be performed in series. Therefore, the total axial length of the three
electrode pairs needed for one measurement (one sensing pair and two guarding
electrodes) should be kept to a minimum. In Figure 6.16b, the axial length is 4
mm (0.5 tube diameter). 3D FEM simulations of the layout used by Canie`re [41]
show that reducing the length of the guard electrodes by half does not influence
the measured capacitance. These simulations also showed that when the sensing
electrodes and the guard electrodes are placed 4 mm apart (0.5 tube diameter) as
shown in Figure 6.16a they are too far apart to reduce the fringing effect. Hence in
this work, the sensing electrodes and the guard electrodes are placed close together
and are only 1 mm apart, as shown in Figure 6.16b.
c
(a) Straight channel probe
180
ccc
ccc
(b) Bent channel probe
Figure 6.17: Schematic representation of the different probe types, each group of a sensing
electrode pair and two guard electrode pairs is indicated with ∎
Two types of sensor probes are used in this work: bent channel sensors and
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straight channel sensors. The main difference between these two probe types is the
shape of the channel inside the sensor. The straight channel sensor (Figure 6.17a)
is quite similar to the sensor used by Canie`re [41]. The only difference lies in the
amount of electrode pairs: in this work, the straight channel contains 3 sensing
electrode pairs, each with a guarding electrode pair at either side. The sensor
used by Canie`re contained only one sensing electrode pair and two guard electrode
pairs. The bent channel probe contains two straight channel sections united by a
180○ return bend, this is schematically shown in Figure 6.17b. The return bend is
included into the probe to facilitate capacitance measurements as close as possible
to the return bend. It is also shown in Figure 6.17b that the bent channel probe
contains more sensing and guard electrode pairs, compared to the straight channel
probe. The most intense disturbance due to the bend is expected within 30D up-
and downstream of the bend [13, 27, 70], therefore, the bent channel probe spans
this region. The straight channel probes are placed further up and downstream
of the bend to monitor the evolution there. The electrodes are seperated from
the refrigerant by the channel wall. For a good sensitivity to the changes in void
fraction, the wall thickness should be small [41]. To attain a small wall thickness
and a good contact between the electrodes and the channel wall, a flexible circuit
material is used to form the channel wall and electrodes. The ULTRALAM® 3850
laminate circuit material by ROGERS Corporation consists out of 3 main layers:
a thin dielectric film in the middle of the laminate and copper cladding as the top
and bottom layer. The middle dielectric layer has a thickness of 50µm, a dielectric
constant of 2.9 and a surface resistivity of 1010MΩ. The copper cladding layer has
a thickness of 18µm.
(a) Straight channel probe
(b) Bent channel probe, electrodes for one straight section
Figure 6.18: Dielectric channel wall and electrodes etched out of the ULTRALAM® 3850
laminate circuit material for both probe types
To form the channel wall and the electrodes, the copper cladding at one side
of the circuit material is etched away completely (the material is not available
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with only one layer of cladding). This completely bare side will form the inner
tube wall and be in contact with the refrigerant flow. At the other side, the
desired electrode shape is etched out of the copper cladding, Figure 6.18 shows
the resulting dielectric wall and electrodes for the two probe types. Since the
laminate circuit material is flexible, it can easily be shaped and glued at the sides
to form a circular tube. This thin tube with electrodes on its outside surface is the
key component of the sensor probe. Except for the number of electrode pairs, it is
the same for both probe types. The further steps in the probe construction depend
on the type of probe.
The remaining steps in the construction of the straight channel probe are shown
in Figure 6.19. In Figure 6.19a the bare dielectric tube with the electrodes is
shown. Coaxial cables are soldered to each set of a sensing electrode and two
guard electrodes, the shield of the cable is soldered to the guard electrodes and the
core is connected to the sensing electrode.
(a) Dielectric tube wall
and electrodes with
coaxial cables soldered in
place
(b) Tube and electrodes
from Figure 6.19a cased in
plastic parts for strength
(c) Tube, electrodes and
plastic parts from Figure
6.19b placed in an
aluminium casing for
shielding
Figure 6.19: Steps in the construction of the straight channel capacitance sensor probe
The ULTRALAM® 3850 laminate material is only resistant to temperatures
up to 280○C, this should be carefully watched during the soldering process. If
the laminate is heated to higher temperatures it will be distorted and it will not
form a smooth surface for the channel wall. To render the dielectric tube pressure
resistant, it is glued into plastic parts and connections for the copper tubing are
added, as shown in Figure 6.19b. Next to supporting the tube, the plastic parts also
insulate the electrodes electrically from the rest of the setup. The materials used in
this stage of the construction will all be in contact with the refrigerant to a greater
or lesser extent. Careful selection of the materials is therefore imperative. The
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plastic parts are either PVC (grey parts in Figure 6.19b) or a 3D printed material
(Vero material printed on a PolyJet printer, shown in white on Figure 6.19b). A
two-component epoxy glue is used to fix the tube into the plastic case (Araldite®
Rapid) and the end connections for the copper tubing are made of brass. The
assembly shown in 6.19b is then placed in an aluminium casing and the gaps
between the casing and the plastic parts are filled up with a two component epoxy
potting compound. This aluminium casing acts as an electromagnetic shield and
adds to the pressure resistance of the sensor probe.
In the bent channel probe, no electrodes were placed in the return bend itself.
To ensure that the inner surface of the return bend is smooth, this part of the probe
was constructed as a single block through 3D printing. In Figure 6.20 this part of
the probe is shown printed in the Vero Clear material in order to visualise the bent
channel inside. This block containing the bent channel is the starting point of the
construction. At the in- and outlet of the channel, the ends of the dielectric tube
wall are glued in place. Plastic parts are then added to support the tube wall. In
Figure 6.21a the bend part and one of the parts supporting the tube wall are shown.
The dielectric tube wall and electrodes can be seen sticking out at the top. In this
figure, both plastic parts are 3D printed out of opaque Vero material.
Figure 6.20: Part of the bent channel probe containing the return bend, 3D printed in Vero
Clear material
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(a) The dielectric tubes
glued into the in-and outlet
of the bent channel and the
first plastic block
supporting the tubes
(b) The assembly shown in
Figure 6.21a with all three
plastic blocks, the PVC
end connection with tube
connectors
(c) The assembly shown in
6.21b placed into an
aliminium casing with
SMA connectors
Figure 6.21: Steps in the construction of the bent channel capacitance sensor probe
The total assembly contains three identical parts to support the tube wall,
stacked on to each other. At the end, a PVC part with two fittings to connect the
probe to copper tubing is added, as shown in Figure 6.21b. Finally, the assembly
shown in Figure 6.21b is placed in an aluminium casing and the gaps between
the casing and the plastic parts are filled with a two component epoxy potting
compound.
PCB material
InterconnectionGround connection
Figure 6.22: Detail of Figure 6.21b showing the laminate PCB plate inserted in the plastic
parts and their connections to shield the two parallel electrode rows
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To limit the influence of the two parallel electrode rows, a small slot is contrived
in the plastic parts. A copper clad laminate PCB plate is inserted in these slots and
the different plates are interconnected by a wire as shown in Figure 6.22. This
wire is then led through one of the gaps in the casing, in a similar way as the coax
cables are grounded in order to shield the electrode rows from each other.
6.3.2 Sensor transducer
The electrical diagram of the sensor transducer is practically identical to the one
used by Canie`re [41]. The main difference lies in the number of transducers
used: Canie`re used 1 single transducer to measure the capacitance of developed
flow, in this work 12 tranducers will be used to measure the evolution of the
capacitance over relatively small distances. In the work of Canie`re [41], the
connection between the electrodes and the transducer PCB board was made by
standard electrical wires with a single solid core. If several measurements are made
in close proximity to each other, coaxial cables are necessary to avoid crosstalk.
As can be seen in Figure 6.17b, the bent channel type probe already contains 18
measurement sites, while only 12 transducers are available. Not all electrode pairs
will be used for measurements, because they are so closely spaced, this would only
lead to unnecessary interference. However, as many electrode pairs as possible
are integrated into the sensor probes to allow for a flexibility in the measurement
location. In order to easily switch the transducers to different measurement sites,
SMA (SubMiniature version A) connectors are soldered on to the transducer PCB
board and to the coax cables emerging from the probe casing (Figure 6.19c and
Figure 6.21c). These connectors are coaxial RF connectors with a screw type
coupling mechanism. The transducers can hence easily be connected to the desired
measuring location with flexible SMA coaxial cables.
6.4 Conclusion
This chapter deals with the capacitance sensor used to measure the electrical
capacitance of the two-phase flow. This sensor was originally developed for the
PhD of Canie`re [41]. The original design is discussed briefly in this chapter.
Canie`re [41] used the capacitance signal to characterize the flow regime in a
straight horizontal channel. In this work, the void fraction is also derived from
this capacitance signal. However, due to the non-uniformity of the electric field,
the sensor needs to be calibrated in order to determine the void fraction. Such a
calibration technique is proposed in this chapter.
In this work, several sensors will be placed in series close up-and downstream
of the return bend, in order to track the evolution of the flow as it approaches
and moves away from the return bend. In order to minimize the spacing between
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different sensor pairs, a new probe design was conceived and explained in this
chapter.
7
Data mining techniques
7.1 Introduction
Before the analysis of the capacitance time traces is discussed in Chapter 8, some
of the techniques used in this analysis are discussed. The main part of this chapter
is dedicated to the various wavelet transforms and the wavelet variance. Mainly
the wavelet variance will be used to assess the frequency content of the signals.
In Section 7.3 cluster analysis is discussed, this method will be used to assign a
flow regime to each measurement in Chapter 8. The raw input for the clustering
algorithm is based on the wavelet variance of the signal, some preprocessing
techniques applied to the dataset before passing it on to the clustering algorithm are
discussed in Section 7.4. This chapter aims to give the reader a basic understanding
of the techniques used in the remainder of this work. A full mathematical
derivation is omitted.
7.2 Wavelet Analysis
This section gives an introduction to wavelet analysis. It is largely based on the
very comprehensive work of Percival and Walden [71]. The purpose of this section
is mainly to convey the basics on the wavelet methods used further on in this work.
It is not intended to give a full and exhaustive overview of the wavelet theory and
its applications. The interested reader is referred to the the book by Percival and
Walden [71] for more information.
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Figure 7.1: Two examples of wavelets: a Haar wavelet and a Mexican hat wavelet
The core of the wavelet theory is the wavelet. As the name suggests, a wavelet is
a ‘small wave’, which only has a nonzero amplitude in a limited interval. Two
examples of a wavelet are shown in Figure 7.1. The opposite of a wavelet is
a ‘big wave’. A sine function is an example of such a big wave: sin(u) keeps
on oscillating over the full range of u ∈ (−∞,∞). This notion is important to
understand the difference between wavelet analysis which is based on wavelets
and Fourier analysis which uses the sine function. Basically a wavelet is a function
ψ(⋅) which satisfies two basic properties: the integral of ψ(⋅) equals zero (Eq. 7.1a)
and the square of ψ(⋅) integrates to 1 (Eq. 7.1b) [71]. For the sine function, which
is a ’big wave’ the integral of sin(⋅)2 would be infinity and hence this function
cannot be renormalised to meet Eq. 7.1b [71].
∫ ∞−∞ ψ(u)du = 0 (7.1a)∫ ∞−∞ ψ(u)2du = 1 (7.1b)
The wavelet shown in Figure 7.1a is the Haar wavelet. It is one of the oldest and
simplest wavelets. Due to its simple shape the Haar wavelet will be often used as
an example in this section. However, the concepts introduced in this section are
applicable to all wavelet functions. The Haar wavelet function ψ(H) is defined as
shown in Eq. 7.2 [71]. Another example is the Mexican hat wavelet, as shown in
Figure 7.1b, its name is derived from its shape.
ψ(H)(u) ≡ ⎧⎪⎪⎪⎨⎪⎪⎪⎩
-1/
√
2, -1 < u ≤ 0
1/
√
2, 0 < u ≤ 1
0, otherwise
(7.2)
Wavelets are used for wavelet analysis. In the simplest terms, wavelet anaysis can
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tell us how the weighted averages of a function or time series of interest vary over
several averaging periods. To further explore this concept, consider a real-valued
function x(⋅) of an independent variable t and consider the following integral:
1
b − a ∫ ba x(u)du ≡ α(a, b) (7.3)
In Eq. 7.3 it is assumed that a<b and α(a,b) is the average value of x(⋅) in the
interval [a,b] [71]. Now, instead of regarding α(a,b) as the average between the
end points of the interval [a,b], it can also be a function of the length of the interval
λ ≡ b-a and the time at the centre of the interval t ≡ (a+b)/2. In the following, λ
will be referred to as the scale of the average. Based on λ and t, the average shown
in Eq. 7.3 can be rewritten as the average value of the signal x(⋅) over a scale λ
and centered around a value t, A(λ, t) (Eq. 7.4) [71].
A(λ, t) ≡ α(t − λ
2
, t + λ
2
) = 1
λ
∫ t+λ2
t−λ2 x(u)du (7.4)
In physical sciences, the variation of A(λ, t) over different time periods for
various scales is a powerfull tool that is often used [72, 73, 74, 75]. The difference
D(λ, t) between two averages associated with a scale λ and a value t can be written
as shown in Eq. 7.5 [71].
D(λ, t) ≡ A(λ, t + λ
2
) −A(λ, t − λ
2
) = 1
λ
∫ t+λ
t
x(u)du − 1
λ
∫ t
t−λ x(u)du (7.5)
Since the two integrals in Eq. 7.5 involve two adjacent intervals which do not
overlap, this equation can be rewritten as shown in Eq. 7.6 [71].
D(λ, t) = ∫ ∞−∞ x(u)ψ˜λ,t(u)du = 0 (7.6)
In the above equation, ψ˜λ,t(u) is defined as shown in Eq. 7.7 [71].
ψ˜λ,t(u) ≡ ⎧⎪⎪⎪⎨⎪⎪⎪⎩
-1/λ, t-λ < u ≤ t
1/λ, t< u ≤ t+λ
0, otherwise
(7.7)
If ψ˜λ,t(⋅) (Eq. 7.7) is compared to the Haar wavelet ψ(H)(⋅) introduced in Eq.
7.2 a great similarity between both functions is evident. In fact, for the specific
case where λ = 1 and t = 0, it is found that ψ˜1,0(u) =
√
2ψ(H)(u). For other
scales and at other times, the Haar wavelet can be rescaled and shifted to extract
information about the variation of the average between different time periods as
shown in Eq. 7.8 [71].
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Figure 7.2: The Haar wavelet ψ(H)(⋅) for different scales λ and different times t
ψ
(H)
λ,t (u) ≡ 1√
λ
ψ(H) (u − t
λ
) = ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
−1√
2λ
, t-λ < u ≤ t
1√
2λ
, t< u ≤ t+λ
0, otherwise
(7.8)
Figure 7.2 shows the effect of a timeshift and a rescaling of the Haar wavelet. It
is clear that the wavelet function shown in Eq. 7.8 satisfies the two basic properties
shown in Eqs.7.1. Furthermore, by integrating the product of this wavelet with a
function, we obtain a value W(H)(λ, t) which is proportional to D(λ, t). Hence
W(H)(λ, t) is proportional to the difference between two averages associated with
a scale λ and a value t (Eq. 7.5) [71].
W (H)(λ, t) ≡ ∫ ∞−∞ x(u)ψ(H)λ,t (u)du∝D(λ, t) (7.9)
If W(H)(λ, t) is calculated for different λ and t for a function x(⋅) an indication
of how the average of this function changes over different adjacent time periods
with a length λ is found. The Haar continuous wavelet transform (CWT) of the
function x(⋅) is the collection of variables {W(H)(λ, t) : λ > 0 , -∞ < t <∞ }. As
shown in Eq. 7.10, the definition of the CWT can be extended to any other wavelet
ψ(⋅), e.g. to the Mexican hat wavelet as shown in Figure 7.1b.
W (λ, t) ≡ ∫ ∞−∞ x(u)ψλ,t(u)du with ψλ,t ≡ 1√λψ (u − tλ ) (7.10)
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The notion that W(λ, t) yields the difference of two averages comes natural
in the case of the Haar wavelet. For other wavelets, a similar interpretation
can be made. For example, the Mexican hat wavelet can be considered to
yield the difference between a weighted average on unit scale and an average
of two weighted averages surrounding it. This can be intuitively understood by
considering the Mexican hat wavelet shape as shown in Figure 7.1b.
A fundamental property of the CWT is that it preserves all information of
the function x(⋅). A common property of a wavelet additional to Eqs.7.1 is the
admissibility condition. Assume Ψ(⋅) to be the Fourier transform of the wavelet
ψ(⋅) and consider the value Cψ as defined in Eq. 7.11, then the waveletψ(⋅) satisfies
the admissibility condition if 0 < Cψ <∞ [71].
Cψ ≡ ∫ ∞
0
∣Ψ(f)∣2
f
df (7.11)
If ψ(⋅) is admissible and if the integral of x(⋅) satisfies Eq. 7.12, then x(t) can be
reconstructed from its CWT through Eq. 7.13.
∫ ∞−∞ x2(t)dt <∞ (7.12)
x(t) = 1
Cψ
∫ ∞
0
[∫ ∞−∞ W (λ,u) 1√λψ ( t − uλ )] dλλ2 (7.13)
In Figure 7.3 a CWT is shown for a capacitance signal measured for slug flow. The
CWT was generated based on the Haar wavelet.
As can be seen in Figure 7.3b, the CWT of a 1D signal is a 2D image: time and
scale are varied. Due to its shape, Haar wavelets are quite good in edge detection,
the result in Figure 7.3b clearly shows the rise and fall of the signal when liquid
slugs pass. The effect of the scale λ also shows in this figure; the larger the scale,
the less localised the effect of a sudden change in the capacitance signal is. For
very small scales, the sudden changes in the signal are not detected because the
rise and fall of the signal takes a finite time (approximately 50 ms).
As shown in Figure 7.3b, the CWT of a 1D signal yields a 2D time-scale
representation. This image can be used to visually detect any particularities or
behaviours in the signal. However, if more advanced processing is required this
essentially comes down to an image processing problem. Furthermore, not all data
contained in the CWT will be necessary to study the behaviour of the signal of
interest. This leads us to the concept of the discrete wavelet transform (DWT).
For a time series of N values, the DWT results in N wavelet coefficients. Consider
X0, X1,..., XN−1, a time series of N real values, which will be further denoted
as {Xt}. The number of values in {Xt} is a power of 2: N = 2j . The DWT
of {Xt} is calculated as shown in Eq. 7.14. W is a column vector with N = 2j
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(b) CWT of the signal in Figure 7.3a
Figure 7.3: Capacitance signal for slug flow and matching CWT result generated with a
Haar wavelet
elements, which contains the DWT coefficients. W is a NxN real-valued matrix,
which satisfies WTW = IN .
W =WX (7.14)
For the sake of simplicity, the full mathematical development of the DWT will
not be given here. It suffices to regard the DWT as a subsampling of W(λ,t),
notwithstanding that the DWT can be derived entirely independent of the CWT. In
this subsampling, dyadic scales τ are used, i.e. τj is of the form 2j−1 with j = 1,2,3,
..., J0. For a given dyadic scale τj = 2j−1, the values are separated by multiples
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of 2j . For a scale τj = 2j−1, there are Nj ≡ N/2j wavelet coefficients. The times
associated with τj are (2n+1)2j−1 + 12 with n = 0, 1, ..., Nj-1. An important remark
at this point is that the scales τj are dimensionless, the physical scale related to τj
is ∆tτj , with ∆t the interval between two subsequent observations.
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Figure 7.4: Row vectors of the DWT matrixW based on the Haar wavelet for N = 16
To elucidate this further, a small example is considered. Assume a time series
containing 16 values for which the Haar DWT has to be calculated. Since N = 16
= 24, J0 = 4. The rows of the matrix W are shown in Figure 7.4, if the markers in
this figure coincide with the horizontal line for a given row (indicated by ordinate
labels), the value is zero. Hence, this figure shows that each row ofW has a varying
number of nonzero elements at different locations. This is related to the scaling
and shifting of the Haar wavelet as illustrated in Figure 7.2 for the CWT. For the
smallest scale τj = 1 (j = 1) there are N/2 = 8 wavelet coefficients. As can be seen
in Figure 7.4a, rows 0 to 7 ofW indeed show a same number of nonzero elements.
The rows of W corresponding to a given scale are circulary shifted versions of
each other, the shift equals 2τj for a scale τj . For the following scale τj =2 (j =
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Figure 7.5: Timeseries {Xt} with N = 16 and Haar DWT
2), N/4 = 4 wavelet coefficients are found which corresponds to rows 8 to 11 ofW . This continues up to τj = 8 (j = 4), for this scale N/16 = 1 wavelet coefficient
is found, this corresponds to row 14 of W . Based on the elements of the matrixW , it is clear that the elements of the vector W are associated with differences at
different scales. The first N/2 = 8 elements (j = 1) are associated with changes
on a unit scale because τj = 1. The next N/4 elements (j = 2) are associated with
changes on a scale of two and so on. As can be seen in Figure 7.4b, the final
row of W contains all nonzero positive elements. The corresponding element of
W is proportional to the average of all the data. The elements of the vector W
associated with the scale τj are denoted as Wj as shown in Figure 7.5 where the
Haar DWT for a random time series with N = 16 is shown. The elements of W
are called the wavelet coefficients, except for the last element (which is associated
with an average over scale N) which is called the scaling coefficient. The scaling
coefficient is denoted as VJ0 as shown in Figure 7.5b.
Despite the advantages of the DWT compared to the CWT, there is an important
drawback to the use of the DWT. Essentially, if the DWT is applied to a time series,
the resulting wavelet coefficients depend on the starting point of the time series.
In other words, if two time series are considered which are identical apart for a
time shift between the two, the result of applying the DWT to these time series
might not be identical (except for a shift between the coefficients). This effect is
a result of the restriction in time shifts; for each scale τj a wavelet coefficient is
calculated at N/2j time shifts of the wavelet function. A time shift in the signal
itself can lead to a different position of the signal peaks relative to the wavelet
function, which leads to a difference in the wavelet coefficients. Consider two
signals with a length of 128 samples as shown in Figure 7.6a and Figure 7.6d.
Both these signals contain only six nonzero values. Furthermore, these signals are
identical except for a circular shift of 5 samples between both signals. In Figure
7.6b and Figure 7.6e the DWT wavelet coefficients are shown for these signals.
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Comparing these two figures clearly shows that the wavelet coefficients for both
signals significantly differ in value as well as the number of nonzero elements. For
the sake of simplicity, the wavelet coefficients associated with the larger scales
are not shown, however, they also differ for both signals. This effect of a shift
between two signals is highly undesirable, since it might lead to the conclusion
that the two signals show a very different behaviour whilst there is only a shift
between the two. In the example shown in Figure 7.6 it is very clear that both
signals are identical apart from a shift between the two, however, in the analysis of
more complex time series this might not be visually observable anymore. In these
cases, wavelet analysis is used to uncover specificities of the signals of interest.
In analysing these signals, it should be possible to discern between a shift or a
fundamental difference between signals. In order to remedy this effect of a shift
between signals, a modified version of the DWT exists: the maximal overlap dis-
crete wavelet transform (MODWT).
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Figure 7.6: Comparison between the DWT and MODWT for two identical signals with a
circular shift of 5 between them. For both transforms a Daubechies wavelet with 4
vanishing moments was used (D8) [76]. For simplicity only the wavelet coefficients for the
smallest scale (j = 1) are shown in this figure for DWT and MODWT
In contrast to the DWT, which is an orthonormal transform, the MODWT is
a highly redundant nonorthogonal transform. As shown in Figure 7.5 the DWT
of a time series with N elements results in N-1 wavelet coefficients and 1 scaling
coefficient. For this same time series, the MODWT will yield column vectors W1,
W2, ..., WJ0 and VJ0 , each of these vectors contains N elements. The vector
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Wj contains the wavelet coefficients for scale τj and VJ0 contains the scaling
coefficients associated with changes at scale τJ0+1 and higher. In Figure 7.6c
and Figure 7.6f the MODWT is shown for the signals shown in Figure 7.6a and
Figure 7.6d, comparing these figures clearly shows that the number of nonzero
wavelet coefficients and their values are identical for both signals. The MODWT
wavelet coefficients are merely shifted with respect to each other in the same way
as the signals. Another advantage of the MODWT compared to the DWT is that
there is no restriction to the size of the analysed time series whereas for the DWT
the signal size should always be a power of two (N = 2j). The advantages of the
MODWT over the DWT do have a computational cost: for a time series with size N
the DWT requires O(N) multiplications while the MODWT requires O(Nlog2N)
multiplications. However, this computational cost is acceptable in most cases.
Figure 7.7 shows the MODWT coefficient for selected scales for the signal shown
in Figure 7.3a. This signal is 20000 samples long, hence J0 = 14 since 214 is
the highest power of two smaller than N. The corresponding scales are τj = 1, 2,
4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048, 4096 and 8192. These scales are
dimensionless, the real physical scale can be found based on the sample interval.
The signal shown in Figure 7.3a was acquired with a sample frequency of 2000
Hz and thus ∆t = 0.5 ms. Hence, the physical scales can be found as ∆tτj = 0.5
ms, 1 ms, 2 ms, 4 ms, 8 ms, 16 ms, 32 ms, 64 ms, 128 ms, 256 ms, 512 ms,
1024 ms, 2048 ms and 4096 ms. As observed for the CWT of this signal (Figure
7.3b), the sudden signal changes due to the passing of liquid slug are not detected
at the smaller scales. At higher scales, the passing of liquid slugs is detected.
However, as the scale further increases, the resolution with which the location of
these sudden signal changes can be localised decreases.
An important quantity linked to the wavelet transform is the wavelet variance
ν2X . This theoretical variance can be estimated based on the DWT or MODWT and
is used in a number of practical applications [77, 78, 79, 80, 81]. The theoretical
background on this variance is omitted in this work, the interested reader is refered
to Percival and Walden [71]. For the application in this work, is suffices to know
that for a time series {Xt}, ν2X (τj) represents the total variability in {Xt} due to
changes at scale τj . This variance is defined in such a way that Eq. 7.15 is satisfied
[71].
∞∑
j=1ν2X(τj) = var{Xt} (7.15)
For finite sized samples of {Xt} the wavelet variance ν2X can be estimated as
νˆ2X(τj) (Eq. 7.16)[71].
νˆ2X(τj) ≡ 1Mj N−1∑t=Lj−1W 2j,t (7.16)
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Figure 7.7: Haar MODWT coefficients Wj for selected scales and the scaling coefficients
VJ0 for the signal shown in Figure 7.3a
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Figure 7.8: Haar MODWT based wavelet variance and PSD estimation for the signal in
Figure 7.7 with an indication of the 95% confidence intervals
In Eq. 7.16 Mj ≡ N - Lj + 1, in which Lj is the length of the wavelet filter
for scale τj and {Wj,t} is the jth level wavelet coefficients for the time series.
Figure 7.8a shows the wavelet variance for the signal shown in Figure 7.3a based
on the Haar MODWT coefficients, the 95% confidence interval for this estimate
is also shown in this figure. Furthermore, the power spectral density (PSD) for{Xt} can be estimated based on the wavelet variance. For each τj an estimate
of a band-averaged power spectral density is found for an octave frequency band[ 1
2j+1∆t , 12j∆t], with this octave band a center frequency fj (geometric mean) is
associated (Eq. 7.17) [71].
fj = 1
2
√
2∆tτj
(7.17)
Figure 7.8a shows the PSD estimate for the signal shown in Figure 7.3a based
on the Haar MODWT coefficients, the 95% confidence interval for this estimate
is also shown in this figure. The smallest scale τj = 1 corresponds to the highest
frequency band [500 Hz, 1000Hz] with a center frequency of 707 Hz (∆t = 0.5
ms). The largest scale τj = 8192 (j = 14) corresponds to the lowest frequency band
[0.06 Hz, 0.12 Hz] with a center frequency of 0.086 Hz.
In this section on wavelet analysis, the selection of the appropriate wavelet
function is intentionally avoided since this is highly dependend on the application.
One type of frequently used wavelet is the Daubechies wavelet [76]. In the analysis
of the capacitance signals in this work a Daubechies wavelet with 4 vanishing
moments (further on designated as a D8 wavelet) is used. The D8 wavelet is shown
in Figure 7.9.
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Figure 7.9: Daubechies wavelet with 4 vanishing moments (D8) [76]
7.3 Cluster analysis
Cluster analysis or clustering comprises algorithms for unsupervised data
classification. When applied to a group of objects, the clustering algorithm will
divide these objects into several groups or clusters. The general idea is that the
objects assigned to one cluster are more similar to each other compared to the
objects in other clusters. Many different cluster algorithms exist as well as different
definitions of the cluster itself [82, 83, 84, 85].
More specifically clustering can be used to classify a number of data points in
several groups. An example directly related to this work is to assign a flow regime
to each measurement. In this case the number of clusters equals the number of
detected flow regimes. Each object contains information about a datapoint in the
form of a number of input features. Some comments on the selection of these
features will be given in Section 7.4. In most cases the selection of the right
clustering algorithm for a specific application is not a clear-cut case. Generally,
the most appropriate clustering algorithm is chosen based on experiment. For this
reason, no exhaustive discussion on the available clustering algorithms will be
given in this section. The clustering algorithm that proved to work well for the
application is this thesis is the fuzzy c-means algorithm. Therefore, this section is
intended to give the reader a basic understanding on this algorithm.
One way of assigning datapoints to a certain cluster is based on defining a
dissimilarity measure. Assume a dataset with N measurements, for this dataset K
features are determined for each measurement. Hence the feature matrix M is an
NxK matrix, with mij as its elements with i = 1,2,..., N and j = 1,2,..., K. Consider
the dissimilarity or distance between two measurements in the jth feature to be
dj(mij , mi′j). Then the total dissimilarity between two objects D(mi, mi′ ) can be
defined as shown in Eq. 7.18.
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D(mi,mi′) = K∑
j=1wjdj(mij ,mi′j) (7.18)
This dissimilarity measure is frequently calculated as shown in Eq. 7.19. It is
clear from this equation that D(mij , mi′j) equals the Euclidean distance between
mij and mi′j in the feature space if the weigth factors wj are set to 1. The weight
factors are generally used to set the relative importance of the different features in
the decision proces.
dj(mij ,mi′j) = (mij −mi′j)2 (7.19a)
D(mi,mi′) = K∑
j=1wj(mij −mi′j)2 (7.19b)
Clustering is generally done iteratively, initially all objects are randomly
assigned to a cluster and in each step of the iteration this classification is adjusted
until a certain criterium is reached.
In the remainder of this work, only the fuzzy c-means clustering algorithm
will be used. However, the k-means algorithm will also be discussed in order
to better understand the c-means. Both algorithms are linked to each other, in
such a way that the k-means algorithm is often designated as the ‘crisp’ c-means
algorithm. This immediately points out the main difference between the k-means
and the c-means algorithm: the k-means algorithm is a ‘crisp’ or ‘hard’ clustering
algorithm while the fuzzy c-means is a ‘fuzzy’ or a ‘soft’ clustering algorithm.
Generally speaking, the difference between hard and soft clustering algorithms
lies in how the objects are assigned to a cluster. In a hard clustering algorithm, one
object can only be assigned to one cluster at a time. In soft clustering algorithms
one object can be assigned to multiple clusters at a time. Each object is assigned a
membership level or membership grade for each cluster, e.g. an object can belong
for 60% to cluster A and for 40% to cluster B. This soft clustering approach can
be useful for cases where a transition zone exists between different clusters.
7.3.1 k-means clustering algorithm
The k-means clustering algorithm is one of the simplest clustering algorithms
available. As stated above it is a hard clustering algorithm and hence an object can
belong to only one cluster at a time. The initialisation of this algorithm consists of
randomly choosing Nc cluster centres. Then the Euclidean distance between each
object and each cluster centre cn is determined. Next, each object is assigned to
the cluster for which the distance to the cluster centre is the smallest. When all
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objects are assigned to a cluster, the new cluster centres cn are determined as the
average αn of the objects in that cluster Cn (Eq. 7.20) [86].
cn = αn = 1
Nc
∑
i∈Cnmi (7.20)
When the centres are recalculated as shown in Eq. 7.20, the objects can be
reassigned to the cluster for which the distance to its centre is the smallest. This
iteration is performed until a required level of convergence is reached. In each
step the location of the cluster centres will change until convergence. The k-means
algorithm aims at minimizing the object function as shown in Eq. 7.21.
Jm = N∑
i=1
NC∑
n=1 ∥mi − cn∥2 (7.21)
7.3.2 Fuzzy c-means clustering algorithm
The fuzzy c-means clustering algorithm is a frequently used soft clustering
algorithm. As already stated it is the fuzzy clustering version of the k-means
algorithm. For the fuzzy c-means algorithm, the user imposes a number of clusters
Nc to look for. As a first step, the algorithm then makes an initial guess for the
cluster centres. Furthermore a set of Nc membership grades (MG) uni is assigned
to each object mi in such a way that Eq. 7.22 is satisfied [87].
NC∑
n=1uni = 1 (7.22)
The fuzzy c-means clustering algorithm minimizes an objective function Jm
(Eq. 7.23) based on the distance between an object mi and a cluster centre cn [87].
Jm = N∑
i=1
NC∑
n=1uhni∥mi − cn∥2 1 ≤ h ≤∞ (7.23)
The value h in Eq. 7.23 affects the smoothness of the transition between the
different clusters. For h approaching 1, transition zones between the clusters
become very narrow. For m approaching to ∞, uni becomes equal for all clusters.
Iteration is performed until the required level of convergence is reached. In each
iteration step, uni and cn are found with Eqs.7.24 and 7.25 [87].
uni = NC∑
l=1 (∥mi − cn∥∥mi − cl∥ )
− 2h−1
(7.24)
cn = ∑Ni=1 uhnimi∑Ni=1 uhni (7.25)
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7.4 Dimensionality reduction
Dimensionality reduction is a topic that is complementary to cluster analysis. In
the discussion of the cluster analysis, it was stated that each object was assigned
to a cluster based on a number of features for every object. Nothing was said on
the selection of these features. However, it is clear that this will have an effect
on the formed clusters. In some cases the measured data can be directly used as
features for clustering. However, mostly some of the data in the measurements is
redundant. Furthermore, as the number of features for each object increases, the
computational time will also increase. For example, consider a dataset consisting
of capacitance measurements. Each measurement is performed at a different
vapour quality x and mass flux G and a flow regime has to be assigned to each
measurement. Each measurement was performed over 10 seconds at a sample
rate of 2 kHz, hence each measurement contains 20000 samples. Dimensionality
reduction means that a limited number of features is extracted from these 20000
samples, reducing the redundant information and the computational time of the
subsequent data processing.
The main concern in dimensionality reduction is to adequately extract a number
of features from the raw data. As a first step, a limited number of features
that might seem of interest can be selected manually. However, some of these
selected features might turn out to be redundant. Two commonly used techniques
to perform a well-considered reduction of the dimensionality are discussed in
this section: Principal Component Analysis (PCA) [88] which is an unsupervised
technique and Linear Discriminant Analysis (LDA) [89] which is a supervised
technique.
7.4.1 Principal Component Analysis
Principal Component Analysis (PCA) is an unsupervised technique for
dimensionality reduction. It consists of an orthogonal transformation which maps
the original feature space on a new space of linearly uncorrelated variables. These
uncorrelated variables are denoted as the principal components. If the data is
centred, the principal components are the eigenvectors of the covariance matrix.
The eigenvalues are a measure of the spread for the data along their associated
eigenvector [89]. The transform is performed in such a way that the principal
components are ordered according to the variance: the first principal component
shows the highest spread and the last principal component has the lowest spread.
The underlying idea is that the component with the highest variance will be
best at uncovering differences between the elements of the data set. Hence, the
dimensions with very low spread can be removed to reduce the dimension of the
feature space. Removing dimensions with a small spread should be considered
with care, since removing a dimension with nonzero spread will always imply a
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loss of information. Furthermore, since this is an unsupervised technique, this
variance might not be (solely) caused by phenomena of interest. This is illustrated
in Figure 7.10, the raw data set can be visually classified in two groups as shown
in Figure 7.10a. It is clear that one dimension would suffice to separate the two
groups. However, if PCA is applied to this dataset as shown in Figure 7.10b,
it is not possible to discern between the two groups based on the first principal
component.
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Figure 7.10: Example of a dataset for which PCA is not effective, symbols ◻ and o indicate
the visual classification, independent of PCA
7.4.2 Linear Discriminant Analysis
In contrast to PCA, Linear Discriminant Analysis (LDA) is a supervised technique.
This means that a set of training data is required as an input for LDA. This training
data is generally obtained by manually assigning a label to a number of objects.
Due to the training data, some of the disadvantages to PCA might be overcome
with LDA (Figure 7.10). However, manually labelling a training set is always a
subjective matter, the result will depend on the person performing the labelling.
Furthermore, the size of the training data should be large enough to avoid that the
choice of the training data will significantly affect the result (overfitting). LDA
also transforms the data set in such a way that a given criterion is optimized. A
frequently used criterion is the Fisher linear discriminant, this criterion aims to
maximize the ratio of the spread between different groups to the spread within
groups [89, 90]. Consider a dataset of N objects each with K features, the data
matrix M is thus a NxK matrix. These N objects are divided into C groups, a label
is available for each object.
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SWi = ∑
m∈Ci (m −αi)(m −αi)T (7.26a)
SW = C∑
i=1SWi (7.26b)
A measure for the scatter within the different groups SW can be calculated as
shown in Eq. 7.26. In this equation m is a vector containing the K features for one
object and αi is a vector with the average feature values for the objects within one
group Ci. SWi is a measure for the scatter within one group Ci. If a transform is
applied to the feature space in such a way that M˜ = WM, the within class scatter
matrix S˜W for M˜ is found as shown in Eq. 7.27 [89, 90].
S˜Wi = ∑
m˜∈Ci (m˜ − α˜i)2= ∑
m∈Ci (WTm −WTαi)2= ∑
m∈CiW
T (m −αi)(m −αi)TW
=WTSWiW (7.27a)
Hence S˜W =WTSW . In a similar way, the between class scatter matrix SB is
defined as shown in Eq. 7.28 and S˜B =WTSBW .
SB = C∑
i=1 (αi −α)(αi −α)T (7.28)
Based on the the definition of SW and SB , the Fisher criterion J(W) for a given
transform matrix W is defined as shown in Eq. 7.29. LDA finds a projection matrix
W∗ which maximizes the Fisher criterion, it can be shown that this matrix contains
the eigenvectors of inv(SB)SW [89].
J(W ) = ∣WTSBW ∣∣WTSWW ∣ (7.29)
Once the optimal matrix W is found based on the training data, the transform
can be applied to the total data set. The dimension of the projected feature space is
always equal to the number of groups minus one. This implies that the data should
be linearly separable, this is the case if the data can be separated by a hyperplane.
In the two-dimensional case this means that a line can be drawn between two
groups of data points.
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7.5 Conclusions
In this chapter some data mining techniques are introduced. These techniques are
used to analyse the capacitance time traces in the next chapter. The purpose of
this chapter is to give the reader a basic understanding of these techniques, not
to give an in-depth discussion. Wavelet analysis is introduced as an alternative to
the Fourier transform. Starting from the wavelet transform, the wavelet variance
is introduced. This wavelet variance is an indication of the total variability at
different scales. It will be used in the next chapter to asses the frequency content
of the flow behaviour at different positions along the hairpin tube.
As will be discussed in the next chapter, the wavelet variance will also be used to
assign a flow regime to a data point based on the capacitance signal. Flow regime
assignment is necessary to be able to determine the void fraction, as discussed in
the previous chapter. Before the flow regime assignment is discussed, clustering
analysis and dimensionality reduction are also discussed in this chapter. In the
flow regime assignment, the wavelet variance of the capacitance signals forms the
raw data set. In order to optimize this feature space, dimensionality reduction
techniques LDA and PCA are used. Then the final division of the data set into
different flow regimes is based on a clustering algorithm. In this work, two
commonly used clustering techniques are discussed: the k-means and the fuzzy
c-means algorithm.

8
Flow behaviour assessment in smooth
hairpin tubes
As already mentioned in previous chapters, the capacitance of the flow is measured
at several locations up- and downstream of a sharp return bend to assess the
flow behaviour at these locations. Insight on how the flow behaviour is affected
by the return bend, will yield a better understanding of the measured pressure
drop up- and downstream of the return bend. To assess the flow behaviour,
both the void fraction and the wavelet variance are derived from the capacitance
signals. The void fraction is indicative of the velocity of the different phases
relative to each other, a change in the void fraction can thus be caused by a
acceleration/deceleration of one of the phases relative to another due to the return
bend. The flow behaviour is also strongly linked to the frequencies of the occurring
interfacial waves and flow structures [91]. These frequencies are reflected in the
time trace of several parameters such as the pressure [92], conductance [93] and
the capacitance [41]. The wavelet variance is indicative of the total variability for
a given scale and will thus be used to assess the frequency content of the flow
behaviour.
In this chapter, the observed effect of the return bend on the void fraction and the
wavelet variance is discussed for different bend geometries and flow orientations.
However, as discussed in Section 6.2, information on the flow regime should be
available in order to determine the void fraction for each measurement. In Section
8.1 a method to assign a flow regime is proposed. In the two next sections, the
main trends observed for the void fraction and wavelet variance are discussed.
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Finally, in the last section of this chapter, these observed trends are linked to
flow visualisations. All measurements shown in this chapter are performed for
a saturation temperature of 15○C. Some measurements were also recorded for a
saturation temperature of 10○C, the conclusions are the same for both saturation
temperatures, as shown in Appendix E.
8.1 Flow regime assignment
As shown in Section 6.2 the void fraction can be calculated based on the
capacitance time trace. However, the calibration curve to be used for the
conversion from capacitance to void fraction is flow regime specific. Hence, a
flow regime should be assigned to each data point. Canie`re [41] showed that a flow
regime can be assigned based on the capacitance time traces. This classification is
performed based on three main features of the signal: the average α, the variance
ω and a frequency parameter F95. This frequency parameter is the frequency
for which 95% of the frequency content is found at lower frequencies and it
is calculated based on a Fourier transform based power spectral density (PSD)
estimate.
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Figure 8.1: Dataset by Canie`re [41] for R134a, the flow regime assignment is based on
visual classification of the flow visualizations
In this section a similar method to assign a flow regime to each data point is
proposed. Again, the classification will be based on a number of features of the
signal. However, in this work, these features will be deduced solely from a wavelet
transform of the signal instead of a Fourier transform. The wavelet transform will
also be used further on in this work to assess the two-phase flow behaviour in
the vicinity of the bend. The wavelet transform often yields comparable or better
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results compared to the Fourier transform for the analysis of complex signals [94,
95]. The fact that a flow regime can be assigned based on the wavelet transform
data indicates that the wavelet transform of the signal contains a large amount of
information on the flow behaviour. The method for flow regime classification will
be applied to the dataset of Canie`re [41] for R134a in this section. For this dataset,
a visualisation of the flow is available for each capacitance signal measurement.
Hence the proposed method can be compared to the visual classification of the
dataset, which is shown in Figure 8.1.
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Figure 8.2: Wavelet variance ν for three capacitance signals at G = 300 kg/m2s
Figure 8.2 shows the wavelet variance ν in function of the physical scale τ∆t
for signals acquired at different conditions, with ∆t the sampling interval, more
information on the wavelet variance can be found in Section 7.2. In this entire
chapter, all wavelet analysis will be performed throught the maximal overlap
discrete wavelet transform (MODWT, Section 7.2) and the wavelet function used is
the Daubechies D8 wavelet (Figure 7.9) [76]. The reader should also bear in mind
that, due to the finite signal length, what will be designated as the wavelet variance
in this section is actually an estimate of the wavelet variance. As shown in Eq.
7.17 a frequency f = 1/(2√2τ∆t) can be related to the physical scale, hence small
scales correspond to a high frequency. The main frequency content for two-phase
flow phenomena is located at frequencies below 100 Hz [60], this corresponds
to a physical scale of 3.5 ms. As shown in Figure 8.2, at low vapour quality
(slug flow), the wavelet variance increases with decreasing frequency (increasing
scale) for frequencies between 1 and 100 Hz. For the high vapour quality case,
where the flow regime is annular, the wavelet variance decreases with decreasing
frequency (increasing scale) for frequencies between 1 and 100 Hz. For the
intermediate vapour quality, the wavelet variance first increases and then decreases
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with decreasing frequency (increasing scale). Geilhufe et al. [81] used the slope of
log(ν) versus log(τ ) to analyse their data. Based on Figure 8.2 it is clear that this
slope is affected by the flow regime: for slug flow a large frequency content will be
seen at low frequencies (large scales) due to the inherent nature of the flow regime
and for annular flow a large frequency content will be seen at high frequencies
(low scales) because the flow behaviour for this flow regime more high-frequent
compared to slug and intermittent flow.
For the proposed method for flow regime classification, the wavelet variance ν is
determined for each signal. From this wavelet variance, only the values associated
with a frequency below 100 Hz are retained, this reduced wavelet variance will be
indicated as ν˜ (Eq. 8.1).
ν˜ = {ν(f) ∣ f < 100Hz} (8.1)
From this reduced wavelet variance ν˜, the features Fi are derived as an input for
the flow regime assignment. Since the slope of log(ν) seems to be an indication
of the flow regime, the features are determined as differences of wavelet variances
at different scales as shown in Eqs.8.2. In this equation, N equals the number of
elements in ν˜.
F1 = log(ν˜N) − log(ν˜1) (8.2a)
Fi = log(ν˜i) − log(ν˜i−1) i = 2, ...,N (8.2b)
The PCA and LDA algorithm (Section 7.4) are subsequently applied to this
manually selected feature space. The result of both transforms is shown in Figure
8.3.
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Figure 8.3: Data after PCA and LDA transformation, the flow regime assignment in these
figures is only for reference purposes and is based on the visual classification of the data
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For the LDA projection the entire dataset was used as training data. For the PCA
space, only the first two dimensions are shown in Figure 8.3, the LDA space on
the other hand only consists of two dimensions since the number of flow regimes
is three (slug, intermittent and annular flow). The resulting feature space after
subsequent PCA and LDA projection is then used as an input for the fuzzy c-means
clustering algorithm (Section 7.3). The resulting flow regime assignment is shown
in Figure 8.4a. In Figure 8.4b the flow regime assignment based on the method
by Canie`re [41] is shown. It is clear that a flow regime assignment based on the
wavelet variance data yields a very similar result as the method by Canie`re [41].
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Figure 8.4: Flow regime assignment as a result of applying the fuzzy C-means clustering
algorithm on the feature space of interest
Finally, the robustness of the proposed method for variable training data is
investigated. To this end, 70% of the data set is used as training data for the LDA
transform and the resulting classification is compared to the manual classification
based on the flow visualization as shown in Figure 8.1.
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Figure 8.5: Percentage of correctly assigned data points, 70% of the total data set is used
as training data
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This procedure was repeated a hundred times, the training data was randomly
chosen each time, in Figure 8.5 the percentage of correctly classified datapoints is
shown. Even though the projection varies as a function of the chosen training data,
Figure 8.5 shows that the accuracy of the resulting classification remains quite
stable.
8.2 Void fraction
With the calibration procedure proposed in Section 6.2 and the flow regime
assignment as shown in the previous section, the measured capacitance signal can
be converted in a void fraction value. It should be noted here that only the time
averaged void fraction is reported in this section. Due to the finite length of the
sensor electrodes, this is in essence a volumetric void fraction.
ε = AV
A
= AV
AV +AL (8.3a)
x = ρV uVAV
ρV uVAV + ρLuLAL (8.3b)
If the definitions for the cross sectional void fraction ε and the vapour quality
are combined (Eqs.8.3), the void fraction can be expressed as a function of the
vapour quality x, the densities of both phases ρV and ρL and the slip ratio U =
uV /uL (Eq. 8.4).
ε = xρV
x
ρV
+U 1−x
ρL
(8.4)
If it is assumed that - due to the relatively short length of the electrodes - the
measured void fraction can be approximated as a cross sectional void fraction, Eq.
8.4 allows for an interpretation of the measured variations in void fraction. The
void fraction measurements are performed for adiabatic flow, hence the variation
in the vapour quality x between inlet and outlet is limited [8]. Due to the frictional
pressure drop between the in- and outlet of the test section, the densities ρV and ρL
will also slightly change between inlet and outlet. The change in both the vapour
quality and the phase densities increases with increasing vapour quality (until the
onset of dry out at very high x). However, based on the measured pressure drop
over the test section, it can be assumed that the effect of changes in density and/or
vapour quality on the measured void fraction is negligible. This is confirmed by
the measurements where the void fraction far upstream and far downstream of the
bend coincide, as shown later in this section. Hence, if a change in void fraction is
observed, this is due to the change in the slip ratio U. If the liquid velocity increases
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relative the the vapour velocity, U will decrease and the void fraction will increase.
If on the other hand, the liquid phase decelerates relative to the vapour phase, the
void fraction will decrease.
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Figure 8.6: Comparison of the void fraction measured at the reference location for
different bend geometries and flow directions at G = 300 kg/m2s, DF stands for downward
oriented flow and UF stands for upward oriented flow
In this section, the measured void fraction values are compared at several
locations up- and downstream of the return bend for the different tested geometries.
Each bend geometry is tested vertically for downward and upward oriented flow
through the return bend. The measurements are grouped together according to this
flow orientation. For the sake of simplicity, not all measurements are shown in
this section. The measurements at selected locations are shown to give insight in
the main trends. As stated in Chapter 4, the measurement locations far upstream
and far downstream of the return bend might differ due to practical constraints
for the different bend geometries. The measurements far upstream of the return
bend are mainly used as a reference, the measurement location is assumed to
be sufficiently far upstream for the flow to be uninfluenced by the return bend.
If this is the case, the void fraction measured far upstream of the return bend
should be the same, independent of the bend geometry. Figure 8.6 compares
the void fraction measurements far upstream of the return bend for different bend
geometries. Figure 8.6 shows that the void fraction measurements far upstream
of the bend do not significantly differ as a function of the bend geometry. In the
remainder of this section the void fraction measurements for each bend geometry
and flow direction are compared to the reference measurement. For the sake
of clarity, the measurements upstream of the return bend and the measurements
downstream of the return bend are compared separately to the reference.
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8.2.1 Upward oriented flow
8.2.1.1 Upstream of the return bend
Figure 8.7 shows the void fraction measurements for upward oriented flow in a
bend with radius R = 11 mm and a diameter D = 8 mm. This figure compares
different measurements upstream of the return bend to the reference measurement
at 150D upstream of the return bend. It shows that there are practically no
significant differences between the reference measurement and the void fraction
close upstream of the return bend. Only for very small vapour qualities, below
10%, the void fraction immediately upstream of the return bend is slightly below
the reference measurement.
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
x [%]
ε 
[−]
 
 
−150D
−18.5D
−2.5D
(a) G = 200 kg/m2s
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
x [%]
ε 
[−]
 
 
−150D
−18.5D
−2.5D
(b) G = 300 kg/m2s
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
x [%]
ε 
[−]
 
 
−150D
−18.5D
−2.5D
(c) G = 400 kg/m2s
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
x [%]
ε 
[−]
 
 
−150D
−18.5D
−2.5D
(d) G = 500 kg/m2s
Figure 8.7: Void fraction measurements at different upstream locations for upward
oriented flow through a bend with R = 11 mm and D = 8 mm, 2R/D = 2.75
Figure 8.8 shows the void fraction measurements for upward oriented flow in a
bend with radius R = 12.5 mm and a diameter D = 8 mm.
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Figure 8.8: Void fraction measurements at different upstream locations for upward
oriented flow through a bend with R = 12.5 mm and D = 8 mm, 2R/D = 3.13
Upon inspection of the measurements, the data for location -2.5D was
rejected due to an unacceptable variation in the capacitance value for the same
measurement conditions. The void fraction at location -18.5D does not show
a significant difference compared to the measurement far upstream of the return
bend. Figure 8.9 shows the measured void fractions at several locations upstream
of a return bend with a radius R = 15.8 mm and D = 8 mm for upward oriented
flow. As was the case for the bends with the smaller bend radii (Figure 8.7 and
Figure 8.8), no significant effect of the return bend on the void fraction is observed.
In Figure 8.10 the results are shown for a bend with R = 7.8 mm and D =
4.83 mm. After performing the measurements for this bend geometry, it was
observed that the transducer for the sensor at location -18.5D was broken and
hence these measurements are not shown here. As for the other bend geometries,
no significant effect is observed on the void fraction close upstream of the return
bend. The measurements for this bend geometry were performed for mass fluxes
of 300 kg/m2s, 400 kg/m2s and 500 kg/m2s. Due to the smaller diameter of the
channel, a stable condition could not be reached for a mass flux of 200 kg/m2s
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Figure 8.9: Void fraction measurements at different upstream locations for upward
oriented flow through a bend with R = 15.8 mm and D = 8 mm, 2R/D = 3.95
with the current setup. For the sake of simplicity, only the two lowest mass fluxes
are shown in Figure 8.10. However, the the observed trends are the same for
G = 500 kg/m2s as for the lower mass fluxes. In Figure 8.11, the void fraction
measurements at several upstream locations are shown for a return bend with R =
10.7 mm and D = 4.83 mm. Again, the results for G = 500 kg/m2s are not shown
here for simplicity. Some measurements for the sensor at location -2.5D were
rejected because they showed a sudden jump resulting in a void fraction above
unity. As was the case for the bend geometry with the same channel diameter and
a lower bend radius, no significant effect on the void fraction is observed.
Hence, for none of the tested bend geometries for upward oriented flow a
significant effect was observed for the void fraction upstream of the return bend.
This observation is consistent with the existing literature, Wang et al. [12] and
Silva Lima [8] performed flow visualizations and both authors reported that no
pronounced effect was observed upstream of the return bend for upward oriented
flow. Silva Lima [8] did observe a slight effect on the shape of the interfacial waves
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Figure 8.10: Void fraction measurements at different upstream locations for upward
oriented flow through a bend with R = 7.8 mm and D = 4.83 mm, 2R/D = 3.22
for annular flow. de Oliveira et al. [26] performed void fraction measurements on
air-water flow. For annular flow, the effect upstream of the return bend was within
the measurement uncertainty. For very low vapour quality flows such as slug and
plug flow a decrease in void fraction was observed. Only a limited number of
such very low vapour quality flows were measured in this work, however, a slight
decrease in void fraction can be observed at the lowest vapour qualities in e.g.
Figure 8.7.
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Figure 8.11: Void fraction measurements at different upstream locations for upward
oriented flow through a bend with R = 10.7 mm and D = 4.83 mm, 2R/D = 4.43
8.2.1.2 Downstream of the return bend
Figure 8.12 compares the void fraction at several downstream locations with the
reference measurement for upward oriented flow in a bend with radiusR = 11 mm
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and a diameter D = 8 mm. This figure shows that there is no significant difference
between the void fraction at -150D and +92D. Hence any bend effect on the void
fraction has died out at the location far downstream (+92D).
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Figure 8.12: Void fraction measurements at different downstream locations for upward
oriented flow through a bend with R = 11 mm and D = 8 mm, 2R/D = 2.75
Furthermore, the pressure drop between the in- and outlet does not significantly
affect the void fraction at these locations for there is no significant difference
between them. Hence any significant difference observed at other locations will
be due to the effect of the return bend. Closer downstream of the return bend
- at 2.5D, 8.5D and 34.5D - a decrease in the void fraction can be observed for
a vapour quality below 40%. This decrease in void fraction is most pronounced
for low mass fluxes G = 200 kg/m2 and 300 kg/m2. Figure 8.13 compares the
void fraction at several downstream locations with the reference measurement for
upward oriented flow in a bend with radius R = 12.5 mm and a diameter D =
8 mm. This figure shows similar trends to the ones observed for a bend with R
= 11 mm. Again, no significant difference is observed between the void fraction
values at locations -150D and + 77.5D. Closer downstream a slight decrease in
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void fraction is present at low vapour qualities. This decrease is most pronounced
for low mass fluxes and at locations +18.5D and +34.5D.
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Figure 8.13: Void fraction measurements at different downstream locations for upward
oriented flow through a bend with R = 12.5 mm and D = 8 mm, 2R/D = 3.13
Figure 8.14 shows the measured void fraction at several locations downstream
of a return bend with R = 15.8 mm and D = 8 mm. For this bend geometry, no
significant effect on the void fraction is observed. Also for the bend geometries
with a channel diameter D = 4.83 mm, no significant effect is observed, as shown
in Figure 8.15 and Figure 8.16. For these two bend geometries, measurements
were performed at mass fluxes G = 300 kg/m2, 400 kg/m2 and 500 kg/m2. For
the sake of simplicity, only the measurements for G = 300 kg/m2 and 400 kg/m2
are shown. The conclusions for the other mass flux are entirely similar. The void
fraction decrease observed in Figure 8.12 can be explained by the action of gravity.
In the bend, the liquid is forced to the outer wall due to the centrifugal force.
Since the flow direction is upward, the liquid exits the bend at the top of the outlet
channel. Due to gravity, the liquid is pulled down due to which the liquid phase
velocity is reduced relative to the vapour phase velocity. Hence the slip ratio will
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increase and the void fraction will decrease (Eq. 8.4). Note that the void fraction at
location +2.5D is slightly higher compared to the void fraction at locations +8.5D
and +34.5D. At the outlet of the bend the main part of the liquid phase is still
located at the top of the tube and is then pulled down as it moves further away
from the outlet. Hence the void fraction very close to the outlet will not decrease
as much as further downstream of the bend.
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(c) G = 400 kg/m2s
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Figure 8.14: Void fraction measurements at different downstream locations for upward
oriented flow through a bend with R = 15.8 mm and D = 8 mm, 2R/D = 3.95
A similar trend was observed by de Oliveira et al. [26] for upward oriented
air-water flows through a return bend. As the vapour quality increases, the
separation of the phases in the return bend becomes less pronounced and hence
the effect on the downstream void fraction disappears. Furthermore, as the bend
radius is increased, the centrifugal force decreases. This also leads to a reduced
separation of the phases and hence the effect on the downstream void fraction
also disappears, as shown in Figure 8.14. As the channel diameter decreases,
the relative importance of the surface tension increases counteracting the effect
of the return bend. This explains why no significant effect is observed for the void
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fraction downstream of the return bends with a diameter D = 4.83 mm. This effect
of the channel diameter was also observed by Wang et al. [12].
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Figure 8.15: Void fraction measurements at different downstream locations for upward
oriented flow through a bend with R = 7.8 mm and D = 4.83 mm, 2R/D = 3.23
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Figure 8.16: Void fraction measurements at different downstream locations for upward
oriented flow through a bend with R = 10.7 mm and D = 4.83 mm, 2R/D = 4.43
8.2.2 Downward oriented flow
8.2.2.1 Upstream of the return bend
Figure 8.17 shows the void fraction measurements for downward oriented flow in
a bend with radius R = 11 mm and a diameter D = 8 mm. This figure compares
different measurements upstream of the return bend to the reference measurement
at -34.5D upstream of the return bend.
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Figure 8.17: Void fraction measurements at different upstream locations for downward
oriented flow through a bend with R = 11 mm and D = 8 mm, 2R/D = 2.75. Due to the
relatively short distance between the reference measurement at -34.5D and the bend inlet,
the reference measurement for downward oriented flow through a return bend with R =
12.5 mm and D = 8 mm is also shown. This extra reference is indicated as ’REF’ in the
legend
Compared to the other geometries, the reference for this bend geometry is
located rather close upstream of the return bend. The sensor measurements
at a location further upstream were rejected for this case. However, since the
reference value far upstream should be the same for each geometry (Figure
8.6), the reference measurement for another bend geometry can be added for
comparison. In Figure 8.17 the reference measurement for downward oriented
flow through a return bend with R = 12.5 mm and D = 8 mm is added. This
reference measurement was recorded at location -146D, upstream of the return
bend. Figure 8.17 shows that there are practically no significant differences
between the reference measurement at -34.5D and the reference measurement
for the bend geometry with R = 12.5 mm on the one hand and that there is no
significant difference between the reference and the void fraction close upstream
of the return bend on the other hand.
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Figure 8.18 shows the void fraction measurements upstream of a sharp return
bend with a radius R = 12.5 mm and a diameter D = 8 mm. Compared to the
reference location at -146D a slight decrease is seen in the void fraction at locations
-18.5D and 2.5D. This effect is only significant over a limited range at vapour
qualities below 20%.
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Figure 8.18: Void fraction measurements at different upstream locations for downward
oriented flow through a bend with R = 12.5 mm and D = 8 mm, 2R/D = 3.13
Figure 8.19 shows the measured void fraction at several locations upstream
of a return bend with a bend radius of R = 15.8 mm and D = 8 mm. No
significant effect on the void fraction closer upstream to the bend compared to
the reference is observed. Figure 8.20 and Figure 8.21 show the measured void
fraction upstream of return bend geometries with a channel diameter of D =
4.83 mm. For the sake of simplicity, the results for the highest mass flux (G =
500 kg/m2s) are not shown here. However, the conclusions for this mass flux
are entirely the same. For both bend geometries, no significant difference with
the reference value far upstream of the return bend is observed. For the return
bend with the largest radius (R = 10.7 mm), the results at location -18.5D are
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not shown. The measurements at this location showed a too high variability for
constant measurement conditions and were therefore rejected. However, given the
results for the other bend geometries and the fact that the measurement at -2.5D
shows no significant difference compared to the measurement, it seems unlikely
that the void fraction would be significantly affected at this location.
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Figure 8.19: Void fraction measurements at different upstream locations for downward
oriented flow through a bend with R = 15.8 mm and D = 8 mm, 2R/D = 3.95
In general, no significant effect was observed on the void fraction upstream of
a return bend for downward oriented flow. This is in agreement with the flow
visualisations made by Wang et al. [12] and Silva Lima [8] which did not show
any pronounced effect on the flow behaviour upstream of a return bend. Only a
slight decrease in void fraction was observed for low vapour qualities for one bend
geometry. de Oliveira et al. [26] also observed such a slight decrease in upstream
void fraction for downward oriented air-water flow through a return bend for slug
and plug flows. This decrease can be attributed to change in flow direction by the
bend.
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Figure 8.20: Void fraction measurements at different upstream locations for downward
oriented flow through a bend with R = 7.8 mm and D = 4.83 mm, 2R/D = 3.23
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Figure 8.21: Void fraction measurements at different upstream locations for downward
oriented flow through a bend with R = 10.7 mm and D = 4.83 mm, 2R/D = 4.43
8.2.2.2 Downstream of the return bend
Figure 8.22 shows the void fraction measured at several downstream locations for
downward oriented flow through a bend with D = 8 mm and R = 11 mm. The
measurement far downstream of the return bend - at +81D - coincides with the
measurements far upstream. Hence any bend effect on the void fraction that occurs
downstream of the return bend has died out at this location. Again, any significant
effect that is observed at locations closer downstream of the return bend will be due
to the return bend since the change in density or vapour quality does not render a
significant effect on the void fraction between inlet and outlet. Closer downstream
of the return bend, at locations +2.5D, +8.5D and +34.5D, an increase in void
fraction is observed for vapour qualities below 60% for the low mass flux values
and below 40% for the high mass flux values.
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(c) G = 400 kg/m2s
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Figure 8.22: Void fraction measurements at different downstream locations for downward
oriented flow through a bend with R = 11 mm and D = 8 mm, 2R/D = 2.75. Due to the
relatively short distance between the reference measurement at -34.5D and the bend inlet,
the reference measurement for downward oriented flow through a return bend with R =
12.5 mm and D = 8 mm is also shown. This extra reference is indicated as ’REF’ in the
legend
In Figure 8.23, the void fraction measured at several downstream locations for
a bend with R = 12.5 mm and D = 8 mm is shown. Again, an increase in void
fraction is seen in the lower vapour quality range. However, compared to the
sharper bend geometry (Figure 8.22), the increase is less pronounced especially
for locations further downstream of the bend (+8.5D and +34.5D). For a bend
geometry with an even larger radius, the increase in void fraction downstream
of the return bend decreases even further. This is shown in Figure 8.24, where
the void fraction measured downstream of a return bend with R = 15.8 mm and
D = 8 mm is shown. For the lower mass fluxes, the increase in void fraction
is only observed at location +2.5D, very close to the bend outlet. As the mass
flux increases, a slight increase is seen in the void fraction somewhat further
downstream (+8.5D).
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Figure 8.23: Void fraction measurements at different downstream locations for downward
oriented flow through a bend with R = 12.5 mm and D = 8 mm, 2R/D = 3.13
Based on Eq. 8.4 an increase in the void fraction is the result of a decrease in
the slip ratio U and thus implies an acceleration of the liquid phase relative to the
vapour phase. This acceleration is a result of the separation of the phases in the
return bend [12]. In contrast to upward oriented flow, the liquid phase is located
at the bottom of the tube at the bend outlet and hence the acceleration is observed
downstream of the return bend. An increase in void fraction downstream of a
return bend was also observed by de Oliveira et al. [26] for downward oriented
air-water flows. As the radius of the return bend is increased the centrifugal force
is reduced and thus also the acceleration if the liquid phase decreases. As the mass
flux increases, the centrifugal force on the phases also increases. This explains the
trends observed in Figure 8.24.
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Figure 8.24: Void fraction measurements at different downstream locations for downward
oriented flow through a bend with R = 15.8 mm and D = 8 mm, 2R/D = 3.95
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Figure 8.25: Void fraction measurements at different downstream locations for downward
oriented flow through a bend with R = 7.8 mm and D = 4.83 mm, 2R/D = 3.23
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Figure 8.26: Void fraction measurements at different downstream locations for downward
oriented flow through a bend with R = 10.7 mm and D = 4.83 mm, 2R/D = 4.43
Figure 8.25 and Figure 8.26 show the void fraction downstream of a bend
with a channel diameter of D = 4.83 mm. As observed for the upward oriented
flow, the effect of the return bend on the void fraction is more limited due to the
increased relative importance of the surface tension. The increase in void fraction
is significant and in a limited vapour quality range, for x < 20% (Figure 8.22).
8.3 Wavelet variance
As stated in Section 7.2, the wavelet variance ν(τj), represents the total variability
in {Xt} due to changes at scale τj . Each scale can be linked to a nominal frequency
fj and an octave band (Eq. 7.17). For each measured signal the wavelet variance
is calculated for scales τ1 up to τ10. These scales and the related frequencies are
summarized in Table 8.1.
The two-phase flow behaviour is strongly reflected in the wavelet variance as
shown in Figure 8.2: for slug flow, the main wavelet variance contribution is
located at large scales (small frequencies) and for annular flow the main variance
content is shifted to small scales (high frequencies). This is consistent with
the flow behaviour: slug flow is dominated by large bubbles passing through
the tube at relatively low frequencies and annular flow mainly contains high
frequency interfacial waves. In order to visualize how the return bend affects
the characteristic frequencies of the flow behaviour, the wavelet variance for a
selected scale τj is plotted as a function of the vapour quality for different locations
along the test section. As was the case for the void fraction, the measurement
furthest upstream of the return bend is taken as a reference. If at this location the
two-phase flow is developed and thus unaffected by the return bend, the wavelet
variance at the reference location for different bend geometries should coincide
with each other. Figure 8.27 compares the reference wavelet variances for the
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j τj fj [Hz] flow [Hz] fhigh [Hz]
1 1 707.11 500 1000
2 2 353.55 250 500
3 4 176.78 125 250
4 8 88.39 62.5 125
5 16 44.19 31.25 62.5
6 32 22.10 15.63 31.25
7 64 11.05 7.81 15.63
8 128 5.52 3.91 7.81
9 256 2.76 1.95 3.91
10 512 1.38 0.98 1.95
Table 8.1: Scale τj , related frequency fj and octave band (flow, fhigh) at which the
wavelet variance is estimated for each capacitance signal
different bend geometries at different scales. For the sake of simplicity, only the
wavelet variance for G = 300 kg/m2s is shown here, the results for other mass
fluxes are entirely similar as shown in Appendix F. Schubring and Shedd [60]
found that the main frequency content for two-phase flow phenomena is located
at frequencies below 100 Hz. Indeed, the wavelet variance values for the different
bend geometries do not differ significantly for frequencies below 100 Hz (Figure
8.27b to Figure 8.27f). For scales related to frequencies above 100 Hz, the wavelet
variances far upstream for different bend geometries do not coincide any more.
Hence, the wavelet variance values associated with frequencies above 100 Hz
cannot be used to assess the two-phase flow behaviour. For very low frequencies,
the main variation is mainly observed at very low vapour quality. Comparison
of the wavelet variance values at different locations along the test section showed
that no significant effect was observed at such low frequencies. Based on these
considerations and for the sake of simplicity, only the wavelet variance values
associated with scales τ4 (88.39 Hz), τ5 (44.19 Hz), τ6 (22.10 Hz) and τ7 (11.05
Hz) will be shown in the following sections. In order to easily show how the
bend affects the wavelet variance at several scales and how this effect evolves as
a function of the vapour quality, the wavelet variance for each scale of interest
is plotted separately as a function of the vapour quality. This is in contrast to
Figure 8.27, where the wavelet variance for each signal is plotted as a function of
the scale. Due to the large amount of measured signals, a representation such as
shown in Figure 8.27 is not possible for all signals.
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(b) τ4 = 8, f4 = 88.39 Hz
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(c) τ5 = 16, f5 = 44.19 Hz
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(d) τ6 = 32, f6 = 22.10 Hz
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(e) τ7 = 64, f7 = 11.05 Hz
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Figure 8.27: The wavelet variance ν for a given scale τj as a function of x for the
capacitance signals measured at the reference position far upstream of different bend
geometries. The mass flux G = 300 kg/m2s and DF stands for downward flow and UF
stands for upward oriented flow
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8.3.1 Upward oriented flow
8.3.1.1 Upstream of the return bend
Figure 8.28 compares the wavelet variance at several upstream locations for a
return bend withR = 11 mm andD = 8 mm. Only the results for a mass flux of 300
kg/m2s are shown, however, the results for the other mass fluxes are the same. For
the two smallest scales (fj = 88.39 Hz and 44.19 Hz) shown, a significant increase
in the wavelet variance is seen close upstream (-2.5D) of the return bend for a
broad vapour quality range between 20% and 90%. Somewhat further upstream, at
-18.5D, a slight but significant increase is seen at medium vapour quality between
20% and 40%. For the two larger scales, which are associated with frequencies of
22.1 Hz and 11.05 Hz, no significant effect on the wavelet variance is observed.
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(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
0 20 40 60 80 100
0
0.5
1
1.5
2
2.5
x 10−3
x [%]
ν 
[−]
 
 
−150D
−18.5D
−2.5D
(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.28: Wavelet variances associated with selected scales as a function of x at
different upstream locations for upward oriented flow through a bend with R = 11 mm and
D = 8 mm, 2R/D = 2.75 and G = 300 kg/m2s
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Figure 8.29 compares the wavelet variance at several upstream locations for a
return bend with R = 12.5 mm and D = 8 mm. The same trends are observed
for the wavelet variance at location -18.5D as for the bend geometry with a radius
of 11mm. However, no significant difference is present for any of the frequencies
considered. As mentioned in the section on the void fraction, the measurements at
location -2.5D were rejected for this bend geometry and hence these values are not
shown here.
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(c) τ6 = 32, f6 = 22.1 Hz
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Figure 8.29: Wavelet variances associated with selected scales as a function of x at
different upstream locations for upward oriented flow through a bend with R = 12.5 mm
and D = 8 mm, 2R/D = 3.13 and G = 300 kg/m2s
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Figure 8.30 compares the wavelet variance at several upstream locations for a
return bend with R = 15.8 mm and D = 8 mm. Again, no significant effect is
observed for the two lower frequencies (22.1 Hz and 11.05 Hz). For the remaining
frequencies, a significant rise in both the wavelet variance at -2.5D and -18.5D is
seen for a wide vapour quality range between 20% and 90%.
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.1 Hz
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Figure 8.30: Wavelet variances associated with selected scales as a function of x at
different upstream locations for upward oriented flow through a bend with R = 15.8 mm
and D = 8 mm, 2R/D = 3.95 and G = 300 kg/m2s
FLOW BEHAVIOUR ASSESSMENT IN SMOOTH HAIRPIN TUBES 125
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
x 10−3
x [%]
ν 
[−]
 
 
−171.5D
−18.9D
−2.5D
(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.31: Wavelet variances associated with selected scales as a function of x at
different upstream locations for upward oriented flow through a bend with R = 7.8 mm
and D = 4.83 mm, 2R/D = 3.23 and G = 300 kg/m2s
Figure 8.31 compares the wavelet variance at two upstream locations to the
reference location for selected scales for a return bend with a diameter D = 4.83
mm and a radius R = 7.8 mm. A significant increase of the wavelet variance at
upstream locations -18.5D and -2.5D is present for scale τ4 corresponding to 88.39
Hz. This increase is observed in a vapour quality range of 20% to 50 %. Figure
8.32 shows a similar comparison for a return bend with with a diameter D = 4.83
mm and a radius R = 10.7 mm. For this bend geometry no significant effect was
observed on the wavelet variance upstream of the return bend.
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.32: Wavelet variances associated with selected scales as a function of x at
different upstream locations for upward oriented flow through a bend with R = 10.7 mm
and D = 4.83 mm, 2R/D = 4.43 and G = 300 kg/m2s
In general a limited increase in the wavelet variance is observed upstream of
the return bend for upward oriented flow. This increase is mainly observed for
the smaller scales, associated with 88 Hz and 44 Hz. If the channel diameter is
reduced, the effect on the wavelet variance decreased due to an increased relative
importance of the surface tension.
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8.3.1.2 Downstream of the return bend
Figure 8.33 compares the wavelet variance at several downstream locations and
the reference for a return bend with a channel diameter D = 8 mm and a bend
radius of R = 11 mm. At 2.5D, the wavelet variance shows a peak at low vapour
qualities and a strong decrease at high vapour qualities. However, moving further
downstream of the return bend, the wavelet variance increases steeply, the narrow
peak at location 2.5D becomes broader as the flow moves downstream of the inlet
until the wavelet variance is higher than the reference value for almost the entire
vapour quality range.
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.33: Wavelet variances associated with selected scales as a function of x at
different downstream locations for upward oriented flow through a bend with R = 11 mm
and D = 8 mm, 2R/D = 2.75 and G = 300 kg/m2s
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.1 Hz
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(d) τ7 = 64, f7 = 11.05 Hz
Figure 8.34: Wavelet variances associated with selected scales as a function of x at
different downstream locations for upward oriented flow through a bend with R = 12.5 mm
and D = 8 mm, 2R/D = 3.13 and G = 300 kg/m2s
Figure 8.35 compares the wavelet variance at several downstream locations to
the reference measurement for a return bend with a channel diameter D = 8mm
and a bend radius of R = 15.8 mm. A similar behaviour is seen as for the other
bend geometries with a similar diameter. This behaviour can be linked to the flow
behaviour. For upward oriented flow, the phases are separated in the return bend
and a large portion of the liquid phase is located at the top of the tube at the bend
outlet. This is reflected in the wavelet variance close to the bend outlet (2.5D).
For low vapour qualities remixing will start close to the bend outlet, due the thick
liquid layer at the top and the relatively low vapour velocity. This is reflected in
the wavelet variance close to the bend outlet by the peak at low vapour qualities.
However, for larger vapour qualities, the remixing of the phases will be
postponed to locations further downstream of the return bend. Because close to
the bend outlet still a significant part of the liquid phase is located at the top of the
tube, the surface area of the interface between the phases will be reduced. This
reduces the friction between the phases and the generation of interfacial waves.
This behaviour causes the decrease in wavelet variance for higher frequencies
and vapour qualities close to the bend outlet. Moving further downstream of the
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bend, remixing of the phases will be initiated for all vapour qualities and hence
an increased wavelet variance is observed for a broad vapour quality range further
downstream of the return bend.
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.35: Wavelet variances associated with selected scales as a function of x at
different downstream locations for upward oriented flow through a bend with R = 15.8 mm
and D = 8 mm, 2R/D = 3.95 and G = 300 kg/m2s
Figure 8.36 shows the wavelet variance for several downstream locations for a
return bend geometry with a channel diameter D = 4.83 mm and a bend radius
of R = 7.8 mm. For the smallest scale of interest (τ4 = 8, f4 = 88.39 Hz),
the wavelet variance at location +98D showed an very high uncertainty and was
omitted for clarity. In this figure, a similar behaviour as seen for the larger channel
diameters is observed: close downstream of the return bend an increase in the
wavelet variance is observed for low vapour qualities and further downstream this
increase is extended to a broad vapour quality range. However, some differences
with the results shown in Figures 8.33, 8.34 and 8.35 can be noted. At the location
nearest to the bend outlet (+2.5D) the increase in wavelet variance is quite limited,
compared to the location further downstream at +8.5D. This indicates that the onset
of the remixing of the phases is postponed to locations further downstream of the
return bend. Furthermore, a decrease in the wavelet variance at higher vapour
qualities is not seen for the locations close downstream of the return bend (+2.5D
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and +8.5D). This is supported by the void fraction measurements for this bend
geometry, where no acceleration of the liquid phase was observed downstream
of the return bend (Figure 8.15). Figure 8.37 compares the wavelet variance at
several downstream locations for a return bend with R = 10.7 mm and D = 4.83
mm. The same behaviour is observed compared to the bend geometry with the
same channel diameter and a smaller return bend radius (Figure 8.36). A single
difference is observed in the wavelet variance at location 35.3D, which is not
significantly higher than the reference value.
0 20 40 60 80 100
0
0.5
1
1.5
2
x 10−3
x [%]
ν 
[−]
 
 
−171.5D
2.5D
8.5D
35.3D
(a) τ4 = 8, f4 = 88.39 Hz
0 20 40 60 80 100
0
0.5
1
1.5
2
2.5
3
x 10−3
x [%]
ν 
[−]
 
 
−171.5D
2.5D
8.5D
35.3D
98D
(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.36: Wavelet variances associated with selected scales as a function of x at
different downstream locations for upward oriented flow through a bend with R = 7.8 mm
and D = 4.83 mm, 2R/D = 3.23 and G = 300 kg/m2s
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(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
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Figure 8.37: Wavelet variances associated with selected scales as a function of x at
different downstream locations for upward oriented flow through a bend with R = 10.7 mm
and D = 4.83 mm, 2R/D = 4.43 and G = 300 kg/m2s
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8.3.2 Downward oriented flow
8.3.2.1 Upstream of the return bend
Figure 8.38 compares the wavelet variance close upstream to the reference
measurement for downstream oriented flow through a return bend with a channel
diameter ofD = 8 mm andR = 11 mm. As already mentioned for the void fraction
measurements for this geometry, the reference measurement is quite close to the
bend outlet. Similar to the void fraction measurements, the reference measurement
for the wavelet variance for a return bend with R = 12.5 mm and a channel
diameter D = 8 mm is also shown in Figure 8.38 for comparison. An increase
in the wavelet variance is observed, however, this increase is only significant for
the higher frequencies 88.39 Hz and 44.19 Hz.
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.38: Wavelet variances associated with selected scales as a function of x at
different upstream locations for downward oriented flow through a bend with R = 11 mm
and D = 8 mm, 2R/D = 2.75 and G = 300 kg/m2s. Due to the relatively short distance
between the reference measurement at -34.5D and the bend inlet, the reference
measurement for downward oriented flow through a return bend with R = 12.5 mm and D
= 8 mm is also shown. This extra reference is indicated as ’REF’ in the legend
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Figure 8.39 compares the wavelet variance at several upstream locations for a
return bend with a channel diameter D = 8 mm and a bend radius R = 12.5 mm.
Figure 8.40 makes a similar comparison for a return bend with a channel diameter
D = 8 mm and a bend radius of R = 15.8 mm. In both cases an increase in the
wavelet variance is observed for the locations close upstream to the return bend.
This increase is mainly significant for the smallest scale (f = 88.39 Hz).
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(b) τ5 = 16, f5 = 44.19 Hz
0 20 40 60 80 100
0
0.5
1
1.5
2
2.5
x 10−3
x [%]
ν 
[−]
 
 
−146D
−18.5D
−2.5D
(c) τ6 = 32, f6 = 22.10 Hz
0 20 40 60 80 100
0
1
2
3
4
5
6
x 10−3
x [%]
ν 
[−]
 
 
−146D
−18.5D
−2.5D
(d) τ7 = 64, f7 = 11.05 Hz
Figure 8.39: Wavelet variances associated with selected scales as a function of x at
different upstream locations for downward oriented flow through a bend with R = 12.5 mm
and D = 8 mm, 2R/D = 3.13 and G = 300 kg/m2s
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(a) τ4 = 8, f4 = 88.39 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.40: Wavelet variances associated with selected scales as a function of x at
different upstream locations for downward oriented flow through a bend with R = 15.8 mm
and D = 8 mm, 2R/D = 3.95 and G = 300 kg/m2s
Figure 8.41 compares the wavelet variance close upstream to the reference value
for a return bend with a channel diameter D = 4.83 mm and a radius R = 7.8 mm.
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Figure 8.41: Wavelet variances associated with selected scales as a function of x at
different upstream locations for downward oriented flow through a bend with R = 7.8 mm
and D = 4.83 mm, 2R/D = 3.23 and G = 300 kg/m2s
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Figure 8.42 shows a similar comparison for a return bend with a channel
diameter D = 4.83 mm and a radius R = 10.7 mm. For both figures, the wavelet
variance for only two scales are shown. For the two smaller scales no significant
effect was observed. For the smallest bend radius (Figure 8.41) no significant
effect is observed at all, for the larger bend radius an increase in the wavelet
variance is observed close to the return bend. This increase is the most pronounced
for the highest frequency (88.39 Hz). In general an increase in the wavelet variance
can be observed upstream of a return bend in case of downward oriented flow.
Only for the smallest bend radius and channel diameter, no significant increase
was observed. For the other bend geometries, the observed increase was mostly
significant only for the smallest scale considered, which is related to a frequency of
88.39 Hz. This increase is similar to the behaviour observed upstream of a return
bend for upward oriented flow. This is consistent with the findings of Silva Lima
[8] who reported that the interfacial waves upstream of the return bend are affected
for upward as well as downward flow.
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Figure 8.42: Wavelet variances associated with selected scales as a function of x at
different upstream locations for downward oriented flow through a bend with R = 10.7 mm
and D = 4.83 mm, 2R/D = 4.43 and G = 300 kg/m2s
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8.3.2.2 Downstream of the return bend
Figure 8.43 compares the wavelet variance at several downstream locations to the
reference value for downward oriented flow through a return bend with a channel
diameter D = 8 mm and a bend radius of R = 11 mm.
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.43: Wavelet variances associated with selected scales as a function of x at
different downstream locations for downward oriented flow through a bend with R = 11
mm and D = 8 mm, 2R/D = 2.75 and G = 300 kg/m2s. Due to the relatively short
distance between the reference measurement at -34.5D and the bend inlet, the reference
measurement for downward oriented flow through a return bend with R = 12.5 mm and D
= 8 mm is also shown. This extra reference is indicated as ’REF’ in the legend
Close to the bend outlet at location +2.5D, the wavelet variance shows a similar
behaviour compared to the same location for upward oriented flow. At this location
the wavelet variance shows a peak for low vapour qualities after which it shows
a decrease in the higher vapour region. Moving further downstream, at locations
+8.5D and +34.5D, the behaviour is quite different compared to upward oriented
flow. At these locations a decrease in void fraction is observed. These trends are
significant for the scales associated with frequencies 88.39 Hz, 44.19 Hz and 22.10
Hz. For the largest scale (smallest frequency) these trends are not significant.
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(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure 8.44: Wavelet variances associated with selected scales as a function of x at
different downstream locations for downward oriented flow through a bend with R = 12.5
mm and D = 8 mm, 2R/D = 3.13 and G = 300 kg/m2s
Figure 8.44 compares the wavelet variance for several downstream location for
a return bend with a channel diameter D = 8 mm and a bend radius of R = 12.5
mm. Figure 8.45 shows the same comparison for a return bend with D = 8 mm
and a bend radius ofR = 15.8 mm. In Figure 8.45 the wavelet variance for location
+2.5D is not shown for frequencies 88.39 Hz and 44.19 Hz. These values showed
unusually large uncertainties and were omitted to keep the figures readable. The
trends observed in Figure 8.44 and Figure 8.45 are the same as observed for the
bend geometry with a smaller bend radius (Figure 8.43). The observed behaviour
reflects the flow behaviour, which close to the bend outlet is very similar to the
flow behaviour for upward oriented flow. Again the phases are separated in the
return bend and a large portion of the liquid phase is located at the bottom of the
tube at the bend outlet. This is reflected in the wavelet variance close to the bend
outlet (+2.5D).
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(d) τ7 = 64, f7 = 11.05 Hz
Figure 8.45: Wavelet variances associated with selected scales as a function of x at
different downstream locations for downward oriented flow through a bend with R = 15.8
mm and D = 8 mm, 2R/D = 3.95 and G = 300 kg/m2s
For low vapour qualities some interfacial waves are observed at the outlet of
the return bend, causing a peak in the wavelet variance at high frequencies. Due
to an acceleration of the liquid phase close to the bend outlet, the friction between
the phases will be reduced and hence also the generation of interfacial waves.
This behaviour causes the decrease in wavelet variance for higher frequencies and
vapour qualities close to the bend outlet. Moving further downstream of the bend,
remixing of the phases will be initiated for all vapour qualities. However, due to
the location of the liquid (at the bottom of the tube) the remixing occurs much
more gradually compared to the upward oriented flow case. This explains why
the wavelet variance gradually increases without showing a rapid overshoot. For
the smaller bend radii, the wavelet variance at +34.5D is still below the reference
value.
Figure 8.46 compares the wavelet variance at several downstream locations to
the reference value for a return bend with a channel diameter D = 4.83 mm and a
radius of R = 7.8 mm. Figure 8.47 makes a similar comparison for a return bend
with a channel diameter ofD = 4.83 mm and a radius ofR = 10.7 mm. The trends
are similar to the bend geometries with a larger channel diameter. However, the
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effect on the wavelet variance for these smaller channel diameters is much less
pronounced for the lower frequencies. At 44.19 Hz a significant effect is observed
for the bend geometry with a radius of 7.8 mm for vapour qualities below 45%
and for the return bend with the larger bend radius even no significant effect is
observed except for the highest frequency (88.39 Hz).
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Figure 8.46: Wavelet variances associated with selected scales as a function of x at
different downstream locations for downward oriented flow through a bend with R = 7.8
mm and D = 4.83 mm, 2R/D = 3.23 and G = 300 kg/m2s
Hence the effect of the return bend on the wavelet variance for bend geometries
with a smaller diameter is much less pronounced, as was also the case for the
downward oriented flow case. This is due to the effect of the surface tension [12].
140 CHAPTER 8
0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
1.2
1.4
x 10−3
x [%]
ν 
[−]
 
 
−122.3D
2.5D
8.5D
32.3D
88.3D
(a) τ4 = 8, f4 = 88.39 Hz
0 20 40 60 80 100
0
0.5
1
1.5
2
2.5
x 10−3
x [%]
ν 
[−]
 
 
−122.3D
2.5D
8.5D
32.3D
88.3D
(b) τ5 = 16, f5 = 44.19 Hz
0 20 40 60 80 100
0
0.5
1
1.5
2
2.5
3
3.5
x 10−3
x [%]
ν 
[−]
 
 
−122.3D
2.5D
8.5D
32.3D
88.3D
(c) τ6 = 32, f6 = 22.10 Hz
0 20 40 60 80 100
0
1
2
3
4
x 10−3
x [%]
ν 
[−]
 
 
−122.3D
2.5D
8.5D
32.3D
88.3D
(d) τ7 = 64, f7 = 11.05 Hz
Figure 8.47: Wavelet variances associated with selected scales as a function of x at
different downstream locations for downward oriented flow through a bend with R = 10.7
mm and D = 4.83 mm, 2R/D = 4.43 and G = 300 kg/m2s
8.4 Discussion and conclusion
In this section, the main trends observed in the two-phase flow behaviour up-and
downstream of a sharp return bend are summarized. A very limited amount of
flow visualisations were also performed in this work. These visualisations were
recorded for up- and downward oriented flow through a quartz glass return bend
with an inner diameter of 8 mm and a radius of 11 mm. These visualisations are of
a limited quality and are not meant to draw any conclusions from. However, they
do help to understand the underlying flow behaviour causing the observed trends
in the void fraction and wavelet variance. On the other hand, comparing these
visualisations with the measured void fraction and wavelet variance also shows
that not every effect of the return bend can be deduced from flow visualisations.
Figure 8.48 shows flow visualisations for both flow orientations at different
vapour qualities. The observable effect on the flow visualisations for higher vapour
qualities are very limited and are hence omitted here. For safety reasons, a support
was placed to the right of the bend section to keep the return bend in place.
This support casts a shadow in the return bend section itself, since this work is
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(a) Downward oriented flow, x = 8% (b) Upward oriented flow, x = 7%
(c) Downward oriented flow, x = 19% (d) Upward oriented flow, x = 20%
(e) Downward oriented flow, x = 36% (f) Upward oriented flow, x = 39%
Figure 8.48: Flow visualisations for up- and downward oriented flow through a return
bend with a radius R = 11 mm and a channel diameter D = 8mm
concerned with the flow in the straight sections up-and downstream of the bend,
this is considered not to be a problem.
Upstream of the return bend the observed effect of the return bend on the
two-phase flow is rather limited, for both upward and downward oriented flow. In
general a slight increase of the wavelet variance is observed close upstream of the
return bend. For the void fraction a mostly insignificant effect is observed. Only
for the geometries with a channel diameter of 8 mm and the smaller bend radii
in downward oriented flow, a significant decrease in the void fraction is observed
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for low vapour qualities and mass fluxes. The flow visualisations shown in Figure
8.48, also don’t show any evidence of a disturbance upstream of the return bend.
It should be noted here that Figure 8.48 only shows single selected frames of the
recorded flow visualisations. However, inspection of the full visualisations also
does not allow to visually discern any effect upstream. The effect observed in
the void fraction and wavelet variance are consistent with a slight increase in the
pressure drop upstream of the return bend.
Downstream of the return bend for downward oriented flow, the void fraction
shows an increase for low vapour qualities close to the bend outlet. For upward
oriented flow, the void fraction downstream of the return bend shows a decrease
for the lower vapour qualities. Both these effects are reduced as the bend radius is
increased and/or the channel diameter is reduced. An increase in void fraction as
observed for downward oriented flow is indicative of an acceleration of the liquid
phase relative to the vapour phase. This acceleration is a result of the separation of
the phases in the return bend due to the centrifugal force and the alignment of the
flow direction in the return bend with gravity. As can be observed in Figures 8.48a,
8.48c and 8.48e, the liquid migrates to the outer wall of the bend in the return bend
section for downward oriented flow. At the outlet of the bend, the liquid is situated
at the bottom of the tube. For upward oriented flow, the liquid phase also migrates
to the outer bend wall, as shown in Figures 8.48b, 8.48d and 8.48f. However,
the liquid is located at the top of the channel at the outlet of the bend and due to
the action of gravity, this liquid layer is pulled down. It is the action of gravity
that causes the difference in the downstream void fraction between upward and
downward oriented flow: for downward oriented flow the liquid phase is pressed
to the bottom of the channel at the bend outlet and the gravity force acts to keep it
there. In this way, the acceleration of the liquid phase in the return bend, persists
for a significant distance downstream of the return bend. For the upward oriented
flow, gravity counteracts the effect of the return bend, pulling the liquid down
and reducing its velocity relative to the vapour phase. This effect is also reflected
in the wavelet variance downstream of a sharp return bend. Close downstream
of the return bend, the effect is quite similar for up- and downward oriented
flow: for low vapour qualities an increase is observed in the wavelet variance
for the higher frequencies (88 Hz and 44 Hz) and for higher vapour qualities
a decrease in wavelet variance is present. The increase at low vapour qualities
can be easily explained based on the flow visualisations. At low vapour quality,
the developed flow regime mainly contains low frequency flow structures such as
large vapour bubbles or large interfacial waves. The flow visualisations for low
vapour qualities (Figure 8.48a to Figure 8.48d) show that at the outlet of the return
bend a considerable increase of interfacial activity is present causing the increase
in the wavelet variance. For higher vapour qualities, the developed flow regime
contains more high-frequent flow behaviour and the separation of the phases in
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the return bend reduces the interfacial surface and suppresses the high frequent
waves. This explains the decrease in wavelet variance, however, this effect cannot
be visually observed in the flow visualisations. How the wavelet variance evolves
downstream of the return bend differs between up- and downward oriented flow
and the difference can again be explained by the action of gravity. For downward
oriented flow, the effect of the return bend is assisted by the gravity force and
the decrease in wavelet variance persists some distance downstream of the return
bend. However, due to gradual remixing of the phases, the decrease relative to
the reference diminishes as the flow moves further away from the bend outlet. For
the upward oriented flow, the liquid phase is pulled down by the action of gravity
and an intense remixing occurs. This is also reflected in the wavelet variance:
the initial narrow peak at low vapour qualities widens as the flow moves further
downstream of the return bend until the wavelet variance is above the reference
value for a broad vapour quality range.

9
Pressure drop in a smooth hairpin tube
In this chapter the measured pressure differences up- and downstream of a sharp
return bend are discussed and linked to the two-phase flow behaviour as discussed
in Chapter 8. The size and location of the intervals over which the pressure
difference is measured are shown in Table 5.3. To assess the effect of the return
bend, the measured pressure drop in the remaining intervals will be compared
to the pressure drop in the interval located at -118D. However, any difference
between the reference value and the pressure drop at any other location does not
necessarily mean that a bend effect is present. Next to the bend itself, the evolution
of the void fraction in the vicinity of the bend section and the temperature glide
between the in- and outlet of test section will also influence the measured pressure
drop. As discussed in Chapter 4, the measured pressure drop is the sum of three
components: static pressure drop, momentum pressure drop and frictional pressure
drop (Eq. 4.1). For each measurement location, there is no height difference
between the start and end point of the interval. Hence, the static pressure drop
component will equal zero. Since both test sections are adiabatic, the acceleration
of the flow due to flashing and/or evaporation will be limited and hence the
momentum pressure drop due to changes in the vapour quality x can be neglected
[8]. However, as shown in Chapter 8, the void fraction is affected due to the
presence of the bend. Furthermore, as shown in Eq. 8.4, a change in void fraction is
an indication of a change in the velocity ratio of the phases. Hence, the momentum
pressure drop due to local changes in void fraction cannot be neglected. Hence,
the frictional pressure drop can be derived from the measurements as shown in Eq.
9.1.
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∆pfrict = ∆p −∆pmom (9.1)
The momentum pressure drop can be calculated based on the difference in
momentum density between the in - and outlet of the interval as shown in Eq.
9.2 [96].
∆pmom = G2 ( 1
ρ′in − 1ρ′out ) (9.2)
The momentum density at the inlet and outlet can be calculated based on the
densities of the phases ρL and ρV , the void fraction ε and the vapour quality x as
shown in Eq. 9.3.
ρ′ = [ (1 − x)2
ρL(1 − ε) + x2ρV ε]
−1
(9.3)
A second issue affecting the measured pressure drop in a given interval is the
pressure drop between in - and outlet of the test section. Due to the occurring
pressure gradient, the pressure naturally decreases between in - and outlet and
since the flow consists of saturated liquid and vapour, the temperature will decrease
accordingly. Furthermore, the pressure gradient increases as the temperature
decreases and hence the measured pressure drop will naturally increase between
the in - and outlet of the test section independent of the effect of the return bend
on the two-phase flow. Both the effect of the void fraction variation and the
temperature glide will be considered in the discussion of the measurements.
9.1 Measurements
The pressure drop at several locations along the test section were measured for
different bend geometries and bend orientations. Measurements were performed at
saturation temperatures at the test section inlet of 10○C and 15○C. In the following
sections, only the measurements for Tsat = 15○C are shown, the conclusion for the
lower saturation temperature are completely similar (Appendix E). For the bend
geometries with a channel diameter of 8.1 mm tests were performed at mass fluxes
of 200 kg/m2s, 300 kg/m2s, 400 kg/m2s and 500 kg/m2s. For the bend geometries
with a smaller channel diameter (D = 4.93 mm) tests were performed at mass
fluxes of 300 kg/m2s, 400 kg/m2s and 500 kg/m2s. As stated in Chapter 5, the
bend with a radius of 7.8 mm and a channel diameter of 4.93 mm was not tested.
However, a capacitance probe was built for this geometry and the flow behaviour
is discussed in Chapter 8.
The pressure differences are compared to the reference pressure drop measured
at the location the furthest upstream of the return bend, at location -118D. The
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Figure 9.1: Comparison between the measured pressure drop far upstream of the return
bend (-118D) and the frictional pressure drop predicted by the model by Moreno-Quibe´n
and Thome [9] for two-phase flow pressure drop in straight tubes
pressure drop at this location is assumed to be unaffected by the return bend. Since
the flow is considered to be developed at this location, it can be assumed that the
measured pressure drop equals the frictional pressure drop. Figure 9.1 shows that
the measurements at this location concur with the pressure drop predicted with the
model by Moreno-Quibe´n and Thome [9] for two-phase flow frictional pressure
drop in straight tubes. This model is summarized in Appendix D.
To easily assess how the pressure drop evolves at several locations compared
to the reference measurement, the ratio of the pressure drop and the reference
measurement are shown rather than the absolute values. These ratios will be
denoted as Sx, e.g. S−17 equals the ratio of the pressure drop measured at location
-17D and the reference location which is -118D. As already stated previously, it
is expected that the pressure gradient will naturally increase between the in- and
outlet of the test section, independent of the effect of the return bend. This increase
depends on the pressure drop between the measurement interval of interest and the
reference, which in its turn depends on the set point conditions such as x, G and
temperature. In order to estimate the pressure drop increase due to the temperature
glide between in - and outlet, a theoretical ratio SQuiben is also calculated for
each measurement. In essence, SQuiben is the ratio between the predicted pressure
drop at the outlet (+118D) and the predicted pressure drop at the inlet (-118D).
Both pressure differences are determined with the Moreno-Quibe´n and Thome
model [9] at the temperature measured at the outlet and inlet, respectively. Since
this pressure drop model estimates the pressure gradient for two-phase developed
flow in straight tubes, the ratio SQuiben can be assumed indicative of the rise in
pressure drop due to the temperature glide between in- and outlet. Hence if a
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pressure differences Sx significantly differs from the theoretical ratio SQuiben this
difference can be attributed to the effect of the return bend on the two-phase flow.
In the following sections, the pressure drop observed up- and downstream
of different return bend geometries are discussed and linked to the observed
flow behaviour. The measurements are divided according to the flow orientation
through the bend section (upward or downward oriented flow).
9.1.1 Upward oriented flow
Figure 9.2 shows the pressure drop ratios for upward oriented flow through a return
bend with a diameter D = 8.1 mm and a radius R = 10.2 mm. Note that these are
the ratios of the measured pressure drop, which is the sum of ∆pfrict and ∆pmom.
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Figure 9.2: Measured pressure drop ratios for upward oriented flow through a bend with
R = 10.2 mm and D = 8.1 mm, 2R/D = 2.55
Based on the measured void fraction variation, the momentum pressure drop
can be calculated with Eq. 9.2. Figure 9.3 shows the ratio S+17,mom which is the
ratio between the calculated ∆pmom and the reference pressure drop far upstream.
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From the difference of the measured pressure drop with the momentum pressure
drop, the frictional pressure drop is determined. S+17,frict is the ratio between
the frictional pressure drop ∆pfrict and the reference pressure drop. This Figure
clearly shows that the momentum pressure drop is very low due to which S+17,frict
does not differ significantly from the measured pressure drop ratio S+17 which is
the sum of S+17,frict and S+17,mom. This limited effect of momentum change is
to be expected based on Figure 8.12, which shows that the void fraction at the inlet
(+2.5D) and the outlet of the downstream interval (+34.5D) don’t differ. However,
the values in this downstream interval do still differ from the reference, which
means that the deceleration due to the return is still present more than 30 channel
diameters downstream of the return bend. The momentum pressure drop for the
upstream interval is also very low and is not shown here for simplicity.
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Figure 9.3: Measured pressure drop, frictional pressure drop and momentum pressure
drop ratios for upward oriented flow through a bend with R = 10.2 mm and D = 8.1 mm,
2R/D = 2.55
Figure 9.4 shows the frictional pressure drop ratios for a bend with a diameter
D = 8.1 mm and a radius R = 10.2 mm. As expected based on Figure 9.3, the
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frictional pressure drop ratios are very similar to the measured pressure drop ratios,
due to the small influence of momentum pressure drop. Upstream of the return
bend a limited effect is observed with a slight increase for medium vapour qualities
around 60%. As shown in Figure 8.7, no significant effect is observed on the void
fraction upstream of the return bend. For the wavelet variance a slight increase
is observed close to the bend outlet (Figure 8.28) which is indicative of increased
interfacial activity and hence an increased pressure drop. This limited increase in
wavelet variance and unaffected void fraction upstream of the return bend support
the observed increase in pressure drop.
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Figure 9.4: Frictional pressure drop ratios for upward oriented flow through a bend with
R = 10.2 mm and D = 8.1 mm, 2R/D = 2.55
Downstream of the return bend an increase of the pressure drop is observed for
vapour qualities below 50% for low mass fluxes and below 40% for the two highest
mass fluxes 400 kg/m2s and 500 kg/m2s. The difference between the pressure
close downstream and the reference increases first and reaches a maximum at
a vapour quality around 20-30%. This is consistent with the observed flow
behaviour. As shown in Figure 8.12 a decrease in the void fraction is observed.
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A lower void fraction implies that the slip ratio is increased and hence the liquid
phase is decelerated relative to the vapour phase. Hence the difference between
the phase velocity increases which is consistent with a larger pressure drop. The
wavelet variance downstream of the return bend shows a mixed behaviour, as
shown in Figure 8.33. Close downstream of the return bend, the wavelet variance
shows an increase at low vapour quality and a decrease for high vapour quality
compared to the reference. Further downstream the range of this initial peak
increases and the wavelet variance is above the reference value for a broad vapour
quality range. This explains why the pressure drop downstream of the return bend
is only significantly above the reference value for the lower vapour qualities and
not in a wide range as observed for the downward oriented flow.
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Figure 9.5: Frictional pressure drop ratios for upward oriented flow through a bend with
R = 12.7 mm and D = 8.1 mm, 2R/D = 3.13
Figure 9.5 shows the pressure drop measurements for upward oriented flow
through a return bend with a channel diameter D = 8.1 mm and a return bend with
a radius R = 12.7 mm. Similar trends are observed in the void fraction (Figure 8.8
and Figure 8.13) and wavelet variance (Figure 8.29 and Figure 8.34) for this bend
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geometry compared to the geometry with a radius of 11 mm. This is also reflected
in the pressure drop ratio, which again shows the same trends as in Figure 9.2.
Only for the highest mass flux, G = 500 kg/m2s, a slight decrease in frictional
pressure drop is observed. This is due to the increase in momentum pressure drop.
As shown in Figure 8.13, the void fraction at the in- and outlet of the downstream
interval is the same. However, as the mass flux increases, the void fraction at the
outlet of the bend increases due to acceleration in the bend and the void fraction
at the outlet of the interval is lower compared to the void fraction at the inlet. This
leads to a positive value of the momentum pressure drop and a reduced value of
the frictional pressure drop at high mass flux and low vapour quality.
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Figure 9.6: Frictional pressure drop ratios for upward oriented flow through a bend with
R = 16 mm and D = 8.1 mm, 2R/D = 3.95
Figure 9.6 shows the frictional pressure drop ratios for a bend with R = 16 mm
and D = 8.1 mm, again an increase is observed for the frictional pressure drop
close downstream of the return bend. This increase is observed over a limited
vapour quality range, for x 40% the effect is insignificant.
Figure 9.7 shows the frictional pressure drop ratios for a bend withR = 10.9 mm
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and D = 4.93 mm. Again, similar trends are observed as for the larger diameter
bends, however, the effect is more limited. This was also observed for the wavelet
variance and void fraction and is the result of the increased relative importance of
the surface tension.
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Figure 9.7: Frictional pressure drop ratios for upward oriented flow through a bend with
R = 10.9 mm and D = 4.93 mm, 2R/D = 4.43
Figure 9.7 shows that the effect of the return bend is less pronounced when the
diameter is reduced. This is a result of an increased relative importance of the
surface tension. It is important to note here that for both tube diameters (8.1 mm
and 4.93 mm), the channels can be considered macro scale as shown in Section
5.3.
9.1.2 Downward oriented flow
Figure 9.8 shows the measured pressure drop ratios for downward oriented flow
through a return bend with a channel diameter D = 8.1 mm and a bend radius of
R = 10.2 mm. Again, from these measured pressure drops, the frictional pressure
drop is calculated. For this the momentum pressure drop is determined based
on the void fraction at the in- and outlet of the interval of interest. Figure 9.9
shows the ratio of the frictional pressure drop, the momentum pressure drop and
the measured pressure drop in the interval close downstream of the return bend
to the reference value. This figure shows that the momentum pressure drop can
be quite significant at low vapour quality and low mass flux, because the void
fraction at the outlet of the interval is lower compared to the void fraction at the
inlet (Figure 8.22). As the mass flux increases the centrifugal force in the bend
becomes stronger due to which the difference between in - and outlet void fraction
decreases. In essence this means that the disturbance in the void fraction due to
the flow persists until the end of the interval. Do note that according to Eq. 9.2
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the momentum pressure drop will increase with a rising mass flux and a fixed void
fraction difference. The momentum pressure drop upstream of the return bend is
very limited and not shown here.
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Figure 9.8: Measured pressure drop ratios for downward oriented flow through a bend
with R = 10.2 mm and D = 8.1 mm, 2R/D = 2.55
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Figure 9.9: Measured pressure drop, frictional pressure drop and momentum pressure
drop ratios in the interval close downstream of the return bend for downward oriented flow
through a bend with R = 10.2 mm and D = 8.1 mm, 2R/D = 2.55
Figure 9.10 compares the frictional pressure drop ratios at different locations.
Close downstream of the return bend, a strong decrease of the pressure drop is
observed. This decrease peaks at a vapour quality of about 20% after which it
diminishes but remains significant. As shown in Figure 8.22 an increase in the
void fraction is observed downstream of the return bend for vapour qualities below
60% for low mass fluxes and below 40% for high mass fluxes. An increase of the
void fraction is a result of a decrease in slip ratio and hence a relative acceleration
of the liquid phase. This acceleration decreases the velocity difference between
the phases and is hence consistent with a reduced pressure drop. Furthermore,
as shown in Figure 8.43, the wavelet variance downstream of the return bend is
significantly below the reference value for vapour qualities between 20% and 80%.
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Figure 9.10: Frictional pressure drop ratios for downward oriented flow through a bend
with R = 10.2 mm and D = 8.1 mm, 2R/D = 2.55
A decrease in wavelet variance is indicative of a decrease in interfacial activity
and is hence consistent with a decrease in pressure drop. For x < 40% a peak is
observed in the wavelet variance for 88 Hz and 44 Hz for one location very close
to the return bend (at 2.5D). For a very small vapour quality x < 10% this peak is
observed for the two next locations downstream also. At first it is important to note
here that the pressure drop close downstream is measured over an interval of 30D,
in this interval three sensors are located at 2.5D, 8.5D and 34.5D. Hence the total
pressure drop in this interval will be the result of the flow behaviour in this interval
and since the peak is only observed for one location it is not expected to have a
large effect since the phenomenon has already died out by 8.5D. Furthermore, this
peak is only observed for the wavelet variance associated with high frequencies,
while the main part of the wavelet variance at these low vapour qualities is located
at the lower frequencies. The pressure drop ratio at location +67D is not shown
here for the sake of simplicity, no significant effect was observed at this location.
Far downstream at +118D, again, no significant effect is observed on the pressure
drop values.
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Figure 9.11: Frictional pressure drop ratio for downward oriented flow through a bend
with R = 12.7 mm and D = 8.1 mm, 2R/D = 3.13
Figure 9.11 shows the frictional pressure drop ratios for a return bend with D
= 8.1 mm and a bend radius R = 12.7 mm and Figure 9.12 shows the frictional
pressure drop ratios for a return bend with D = 8.1 mm and a bend radius R =
16 mm. In both figures, the same trends are observed as seen for the return bend
with a radius of 10.2 mm (Figure 9.10). The results show very similar trends to
the return bend with a bend radius of 11 mm (Figure 9.8). This can be expected
based on the void fraction measurements for these bend geometries which also
show a void fraction increase (Figure 8.23 and Figure 8.24) and a suppression of
the wavelet variance (Figure 8.44 and Figure 8.45) close downstream of the return
bend. However, the decrease in frictional pressure drop is more pronounced for
increasing bend radius at high mass flux (G = 400 kg/m2s and G = 500 kg/m2s).
This is due to the increased relative importance of the momentum pressure drop.
For larger bend radii, the acceleration is present close downstream of the return
bend, but has died out by the outlet of the interval, as shown in Figure 8.24. Hence
the difference in void fraction between in - and outlet is larger and therefore also
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the momentum pressure drop.
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Figure 9.12: Frictional pressure drop ratios for downward oriented flow through a bend
with R = 16 mm and D = 8.1 mm, 2R/D = 3.95
Figure 9.13 shows the results for downward oriented flow through a return
bend with a channel diameter D = 4.93 mm and a bend radius of R = 10.9 mm.
Upstream of the return bend very little effect can be seen, only for vapour qualities
below 40% a slightly significant increase can be observed. This is consistent with
the measurement of the void fraction upstream of the return bend (Figure 8.21),
which shows no significant effect. The wavelet variance close upstream of the
return bend shows an increase compared to the reference measurement (Figure
8.38), this is consistent with a slight increase in pressure drop. Downstream of
the return bend, the effect is much more limited compared to the larger channel
diameters. At very low vapour qualities a slight decrease is observed, however, it
is very limited. This is consistent with the void fraction measurements downstream
of the return bend, where the void fraction downstream is slightly higher but only
significant for very low vapour qualities as shown in Figure 8.26. The wavelet
variance downstream of the return bend does show a decrease compared to the
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reference (Figure 8.47), but this decrease is much less pronounced compared to the
results for downward oriented flow in return bends with a larger channel diameter.
This is especially the case for the lower frequencies 44.19 Hz, 22.10 Hz and 11.05
Hz. This suggests that it are mainly these frequencies which are indicative of the
eventual effect on the pressure drop.
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Figure 9.13: Frictional pressure drop ratios for downward oriented flow through a bend
with R = 10.9 mm and D = 4.93 mm, 2R/D = 4.43
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9.2 Correlation between pressure drop and flow be-
haviour indicators
Up until now, both the flow behaviour and the pressure drop trends in the vicinity of
a bend have been discussed and the link between the two was made on an intuitive
basis. In this section, scatter plots of void fraction and wavelet variance versus
the pressure drop are shown to investigate whether there is actually an association
between the flow behaviour parameters and the pressure drop. In the previous
section (and in Chapter 8) it was shown that the main bend effect is present close
downstream of the return bend. Therefore, this section focusses on the pressure
drop, wavelet variance and void fraction close downstream of the return bend.
A simple and widespread method to assess whether a relation exists between
two quantities is to determine a correlation coefficient. One of the most commonly
used correlation coefficients is the Pearson product - moment correlation
coefficient rp (Eq. 9.4)[97].
rp = ∑Ni=1(Xi − αX)(Yi − αY )√∑Ni=1(Xi − αX)2√∑Ni=1(Yi − αY )2 (9.4)
rp is a measure of any linear relation between two variables. The value of
rp varies between -1 and 1, for rp = 0 there is no linear relation between the
two variables, for rp = 1 there is a perfect positive linear relation between the
variables and for rp = -1 there is a perfect negative relation. Hence the closer
the absolute value of rp to 1, the stronger the linear relation. In interpreting rp,
the following rule of thumb applies: 0 to ±0.2 is a negligible linear correlation,±0.21 to ±0.35 is weak, ±0.36 to ±0.67 is moderate, ±0.68 to ±0.9 is strong and±0.91 to ±1 is considered a very strong linear correlation [98]. Next to this rule
of thumb, the hypothesis that the correlation coefficient is 0 can be tested. If
bivariate normality can be assumed this null hypothesis can be evaluated through
a t-distribution, if not several other options are available among which a bootstrap
method [97]. If the probability p of no correlation is below 5%, the correlation
is considered significant. The Pearson product - moment correlation coefficient
assumes that the data points in the sample are statistically independent and that the
population from which the sample was drawn has a bivariate normal distribution
[97]. If the second requirement is not fulfilled, the value of rp still renders an
indication of the linear relation between the two samples, however, for bivariate
normal data rp guaranteed to be the maximum likelihood estimate of the linear
correlation coefficient [99].
Another commonly used correlation coefficient is the Spearman rank
correlation coefficient rs. It is important to note here that the Spearman correlation
coefficient is an indication of the monotonic relation between the tested samples,
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which is a broader association compared to the linear relation tested by the
Pearson correlation coefficient [100]. The Spearman rank correlation coefficient
is calculated by first assigning a rank to each value of the samples. This is done
by sorting the values in ascending order, the lowest value gets rank 1 and the
highest value is rank N for a sample with N values. Any identical values are
assigned the average of their ranks. The Spearman rank correlation coefficient is
then calculated by applying Eq. 9.4 to the ranks of the samples rather than the
raw data [100]. As with the Pearson correlation coefficient, the absolute value
of the Spearman correlation coefficient indicates the strength of the relation: 0 to±0.2 is a negligible monotonic correlation, ±0.21 to ±0.4 is weak, ±0.41 to ±0.60
is moderate, ±0.61 to ±0.8 is strong and ±0.81 to ±1 is considered a very strong
monotonic correlation [101].
In this work, the pressure drop is measured over intervals of 30D while the
flow behaviour is assessed based on capacitance signals recorded over a length of
1D. Within the length of one pressure drop interval, several capacitance sensors
are located to get an idea of the evolution of the flow behaviour. The observed
flow behaviour and its evolution over the length of the interval will influence the
frictional pressure drop. For this reason the average value of the void fraction and
wavelet variance at in- and outlet of the interval is compared to the pressure drop
instead of the raw values at a single point.
Figure 9.14 shows a scatter plot of the average void fraction ratio close
downstream Sε versus the frictional pressure drop ratio S+17,frict for downward
oriented flow. In these figures, Sε is the ratio of the average void fraction close
downstream and the reference measurement far upstream (Eq. 9.5).
Sε = (ε+2.5D + ε+34.5D)
2εREF
(9.5)
By inspecting Figure 9.14 visually, it is clear that there is a strong relation
between the pressure and the void fraction for the bends with R = 10.2 mm and
R = 12.7 mm. It is also for these geometries that the most pronounced effect on
the void fraction was observed, as shown in Chapter 8 (Figure 8.17 and Figure
8.18). This visual assessment is also confirmed by the correlation coefficients rp
and rs as shown in Table 9.1: for both geometries a very strong correlation (>0.91
forrp and >0.81 for rs) is found for downward oriented flow. Also note that the
correlation is always negative, this is expected based on Eq. 8.4: an increase in
void fraction implies a decrease in the velocity ratio of the phases and hence a
decrease in pressure drop. For the bend with R = 16 mm, the linear correlation is
weak and the monotonic correlation is moderate for downward oriented flow. This
low correlation coefficients can be mainly attributed to the different behaviour with
varying mass flux (Figure 8.24) and the curve in the data for low frictional pressure
drop ratios. For the bend geometry with a smaller channel diameter, the effect on
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void fraction and pressure drop is more limited compared to the other geometries.
As shown in Table 9.1 a moderate linear correlation and monotonic correlation is
found.
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Figure 9.14: Average void fraction ratio vs. frictional pressure drop ratio scatter plot for
downward oriented flow in different geometries
Downward flow Upward flow
Radius R rp rs rp rs
10.2 mm -0.92 -0.94 -0.11 -0.33
12.7 mm -0.92 -0.82 -0.8 -0.67
16 mm -0.31 -0.44 -0.42 -0.36
10.9 mm -0.52 -0.6 -0.45 -0.34
Table 9.1: Correlation coefficients for the average void fraction ratio and the frictional
pressure drop ratio close downstream of the return bend. If the p-value for testing the
hypothesis of no correlation is above 0.05 the correlation is not significantly different from
zero and these values are marked in red
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Figure 9.15 shows the scatter plots for the average void fraction ratio compared
to the frictional pressure drop close downstream of the return bend for upward
oriented flow. For this flow orientation, the effect on the void fraction (Figure
8.7, Figure 8.8, Figure 8.9 and Figure 8.11) and the pressure drop (Figure 9.4,
Figure 9.5, Figure 9.6 and Figure 9.7) is limited. Therefore, a strong relation is
not expected. As shown in the scatter plots and Table 9.1, most of the correlation
coefficients indeed range between weak and moderate.
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Figure 9.15: Average void fraction ratio vs. frictional pressure drop ratio scatter plot for
upward oriented flow in different geometries
For the wavelet variance the same scatter plots are made. The average wavelet
variance ratio Sν in these plots is calculated with Eq. 9.6.
Sν = (ν+2.5D + ν+34.5D)
2νREF
(9.6)
Before this correlation between the wavelet variance and the pressure drop
is discussed it is important to note a few things. As was shown in Chapter
8 the wavelet variance can show quite some complex behaviour. Within 30D
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downstream of the return bend the wavelet variance can either show an increase or
decrease relative to the reference, depending on the vapour quality and the location
downstream of the return bend. As a result of this, the average of the wavelet
variance between in- and outlet (Eq. 9.6) might not be the best representation
for the average flow behaviour over the interval. However, because the wavelet
variance was only measured at a limited number of discrete locations along the
interval, the average void fraction and average wavelet variance were chosen as an
indicator of the flow behaviour in the interval.
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Figure 9.16: Average wavelet variance ratio vs. frictional pressure drop ratio close
downstream of the return bend scatter plot for downward oriented flow in different
geometries. The values for x < 45% (xlim) are denoted with a single symbol +. Only the
data for x > 45% is used to calculate the correlation coefficients in Table 9.2.
Another important matter is that the wavelet variance and the void fraction are
both indicators of the flow behaviour and hence the resulting frictional pressure
drop is the result of both parameters. For example, for downward oriented flow, an
increase in void fraction is observed at low vapour quality, while there is no effect
or even an increase in the wavelet variance. As the vapour quality increases the
increase in void fraction disappears but the wavelet variance is reduced. Hence as
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the vapour quality increases the effect of the void fraction on the pressure drop
decreases and the wavelet variance becomes more important. For this reason,
the correlation coefficients between the frictional pressure drop ratio and the
wavelet variance ratio are calculated for a subset of the data for which x > 45%
for downward oriented flow. Figure 9.16 shows the scatter plots for wavelet
variance versus pressure drop ratio for the different geometries. Data points for
which x < 45% are denoted with a single symbol +. In Table 9.2 the correlation
coefficients between the average wavelet variance ratio and the pressure drop ratio
close downstream of the return bend for the different geometries and frequencies
are summarized for downward oriented flow. The significant correlation factors
are positive and mostly moderate to strong. This indicates that there is a link
between the wavelet variance and the frictional pressure drop. As mentioned in
Chapter 8 a higher wavelet variance is indicative of a higher interfacial activity
and hence a positive correlation is expected. For the return bend with R = 16 mm,
both the linear and monotonic correlation is insignificant for 88 Hz and 44Hz.
As mentioned in Chapter 8, the uncertainty on the wavelet variance for these
frequencies is very high at location +2.5D. This could cause the bad correlation
results for this geometry.
Linear rp monotonic rs
Radius R 88 Hz 44 Hz 22 Hz 11 Hz 88 Hz 44 Hz 22 Hz 11 Hz
10.2 mm 0.57 0.82 0.8 0.67 0.48 0.87 0.72 0.43
12.7 mm -0.22 0.5 0.58 0.59 -0.33 0.13 0.17 0.35
16 mm 0.37 0.35 0.63 0.74 0.0045 -0.2 0.27 0.65
10.9 mm 0.58 0.73 0.69 0.69 0.51 0.70 0.63 0.67
Table 9.2: Correlation coefficients for the average wavelet variance ratio and the
frictional pressure drop ratio close downstream of the return bend for downward oriented
flow. If the p-value for testing the hypothesis of no correlation is above 0.05 the correlation
is not significantly different from zero and these values are marked in red
Figure 9.17 shows a scatter plot for the average wavelet variance downstream
of the return bend for upward oriented flow. As shown in the previous section, the
effect on the pressure drop is rather limited for these geometries. Figure 9.17 also
shows that there is no strong correlation visually observable between the frictional
pressure drop and the average wavelet variance. This is reflected in the correlation
coefficients, shown in Table 9.3. The significant correlation coefficients range
from moderate to strong. For the return bend with R = 10.9 mm and D = 4.93 mm
all correlation coefficients are insignificant. As shown in Figure 8.37 and Figure
9.7 the effect on the wavelet variance and pressure drop is limited for this bend
geometry and a correlation is thus not expected.
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(a) R = 10.2 mm and D = 8.1 mm
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(b) R = 12.7 mm and D = 8.1 mm
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(c) R = 16 mm and D = 8.1 mm
0 1 2 3 4 5
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
S
ν
  [−]
S +
17
, f
ric
t  
[−]
 
 
88Hz
44Hz
22Hz
11Hz
(d) R = 10.9 mm and D = 4.93 mm
Figure 9.17: Average wavelet variance ratio vs. frictional pressure drop ratio close
downstream of the return bend scatter plot for upward oriented flow in different
geometries.
Linear rp monotonic rs
Radius R 88 Hz 44 Hz 22 Hz 11 Hz 88 Hz 44 Hz 22 Hz 11 Hz
10.2 mm 0.43 0.36 0.08 -0.11 0.39 0.38 0.19 -0.2
12.7 mm 0.35 0.32 0.47 -0.03 0.24 0.2 0.44 0.34
16 mm 0.73 0.79 0.71 0.55 0.62 0.64 0.64 0.58
10.9 mm -0.04 0.04 -0.07 -0.27 -0.06 -0.04 -0.09 -0.14
Table 9.3: Correlation coefficients for the average wavelet variance ratio and the
frictional pressure drop ratio close downstream of the return bend for upward oriented
flow. If the p-value for testing the hypothesis of no correlation is above 0.05 the correlation
is not significantly different from zero and these values are marked in red
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9.3 Discussion and conclusion
The most pronounced effect on the frictional pressure drop is observed close
downstream of the return bend for downward oriented flow. These observed trends
in the pressure drop can be explained based on the wavelet variance and the void
fraction evolution close downstream of the bend. A moderate to very strong
correlation is found between these parameters and the frictional pressure drop.
For upward oriented flow, the effect of the return bend on the frictional pressure
drop is less pronounced and is significant over a more limited vapour quality range
compared to the downward oriented flow case. The observed correlation between
pressure drop and average void fraction and between the pressure drop and wavelet
variance is mostly weak to moderate. It should be noted here that especially for
the wavelet variance, the average value at in- and outlet might not be an optimal
indicator of the average flow behaviour. For example, the wavelet variance can
show a decrease compared to the reference close downstream of the return bend
and at the outlet of the bend it can coincide with the reference. However, as
mentioned in Chapter 8, the wavelet variance can show an overshoot due to intense
remixing of the phases. If the remixing has ended by the outlet of the interval of
interest, the average wavelet variance will not take this overshoot into account.
This chapter showed that the effect of the return bend on the pressure drop in
the straight sections connected to the bend can be quite significant. The question
remains how this bend effect will affect the total pressure drop in a heat exchanger.
The total effect on a complete heat exchanger is difficult to estimate, for the
geometry of the heat exchanger (R, D, length of the tubes between bends, number
of bends) has a considerable effect on the findings. Therefore the results found in
this section are by no means a universal answer to the question. However, to get
an indication of the possible effect, a typical heat exchanger for a domestic heat
pump is considered. For his heat exchanger the length of the straight tubes is 80
cm and every circuit contains 5 bends. In the original design, the bends have a
radius of 11 mm and an inner diameter of 8 mm. This case was considered for all
tested bend geometries, for up- as well as downward oriented flow. The frictional
pressure drop in the straight sections was based on the measurements performed
in this work, the frictional pressure drop in the bend sections was determined with
the model of Silva Lima [8]. Since this heat exchanger is considered to be an
evaporator for a domestic heat pump, the inlet vapour quality is non-zero due to
flashing in the expansion valve. For this example the saturation temperature in the
condenser is assumed to be 45○C. With a temperature in the evaporator, this leads
to an inlet vapour quality of 23%. The outlet vapour quality is considered to be
100% and superheating at the outlet is neglected. The mass flux G = 200 kg/m2s
except for the geometry with D = 4.93 mm where G = 300 kg/m2s.
In order to asses the effect of the return bend, the pressure drop for a straight
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tube with the same length as the circuit ∆pS is calculated and compared to the
total pressure drop taking the full bend effect into account (bend sections and
straight sections up- and downstream)∆pfull. Furthermore, the pressure drop for
the refrigerant circuit is also calculated only taking the bend sections into account
and assuming undisturbed flow in the whole straight sections ∆pbend. In this
way the relative importance of the bend effect on the pressure drop in the straight
sections can be assessed.
Ibend = (1 − ∆pbend
∆pS
) ⋅ 100 (9.7)
Ifull = (1 − ∆pfull
∆pS
) ⋅ 100 (9.8)
Table 9.4 compares the percentage increase of the pressure drop taking into
account the bend sections only Ibend (Eq. 9.7) and taking both the effect in the
return bends and the straight sections into account Ifull (Eq. 9.8).
Downward flow Upward flow
Ibend [%] Ifull [%] Ibend [%] Ifull [%]
R = 10.9 mm 0.78 0.95 0.61 1.32
R = 10.2 mm 4.95 3.17 3.23 4.65
R = 12.7 mm 3.76 2.42 3.27 4.88
R = 16 mm 1.68 -0.91 3.07 5.90
Table 9.4: Pressure drop percentage increase due to the return bend sections alone Ibend
and due to the full bend effect in the bend section and the straight tube sections Ifull
Table 9.4 shows that both Ibend and Ifull are limited. However, it also shows
that the relative importance of the pressure drop in the bend sections is similar to
that in the straight sections. Silva Lima [8] found that the pressure gradient in the
bend sections can be several times higher than the gradient for undisturbed flow,
while the pressure gradient close up and downstream of the bend only differs up
to 30% from undisturbed flow. Based on this observation, Silva Lima proposed a
correlation for the bend section but not for the straight sections in the vicinity of the
bend. However, due to the short length of the bend sections, compared to the total
channel length, the effect of the return bend is limited. Furthermore, for a total heat
exchanger, the effect of the return bend on the pressure drop in the straight sections
connected to the bend can be of the same order of magnitude as the effect on the
bend sections alone. Finally, Table 9.4 also shows that for downward oriented flow,
Ifull is often lower than Ibend. This implies that the effect of the bend sections is
compensated by the reduced pressure drop close downstream of the return bend,
further limiting the effect of the bend sections on the total pressure drop.
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As already stated, Table 9.4 only shows a rough estimate for the effect of a
return bend on a total heat exchanger. Some further remarks should be made.
Firstly, the measurements of the void fraction and wavelet variance showed that
the bend effect has not completely died out by 34.5D downstream of the return
bend for all geometries. This is especially the case for the geometries withD = 8.1
mm and R = 10.2 mm or R = 12.7 mm. Hence the effect of the return bend on the
pressure drop in the straight sections could be higher. However, with the current
data set, this cannot be investigated further. Secondly, if the straight sections of the
refrigerant circuit are shortened, it is possible that the bend effect has not died out
by the time the flow reaches the next bend section. In this case the disturbances
will be superimposed on each other and further research in necessary to assess the
effect on the pressure drop in this case. Finally, as already stated before, the bend
effect is reduced with the reduction of the channel diameter. This is also reflected
in the results shown in Table 9.4.

10
Conclusions
10.1 Conclusions
The tubes used in compact fin-and-tube heat exchangers contain a relatively high
number of return bends. The exact number of bends depends on the dimensions
of the heat exchanger and rises with the increasing compactness of the heat
exchanger. These bends affect the flow inside the channels and hence it could
be an important phenomenon to take into account in the heat exchanger design. In
this work, the effect of a sharp return bend on refrigerant two-phase flow behaviour
and pressure drop close up- and downstream of the bend is investigated.
Five different bend geometries were tested, which are in the range of practically
used bend geometries in heat exchangers for domestic applications: three bends
with a channel diameter of 8 mm and radii of 11 mm, 12.5 mm and 15.8 mm
and two bend geometries with a channel diameter of 4.83 mm and radii 7.8 mm
and 10.7 mm. The working fluid was R134a, tested as mass fluxes between 200
kg/m2s and 500 kg/m2s and vapour qualities between 0 and 1. The literature
study in this work shows that the effect of this return bend on the two-phase
flow behaviour and pressure drop is already investigated, however, there is still a
lack in the understanding of the underlying mechanisms of the return bend effect.
This is especially the case in understanding how long the bend effect persists in
the straight tube sections up- and downstream of the return bend. Therefore, the
focus of this work lies in the bend effect close up and downstream of the return
bend. Since there is a close relation between the two-phase flow behaviour and the
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two-phase flow pressure drop, both of these aspects are investigated in this work.
To assess the flow behaviour, the electrical capacitance of the flow is measured
at several locations up- and downstream of the return bend. This capacitance
changes as the amount of each phase in the tube changes. However, due to the
non-uniformity of the electric field, the measured capacitance cannot be directly
linked to the void fraction. A calibration procedure is proposed, which makes it
possible to calculate the void fraction based on the capacitance measurements.
This technique is novel and a patent application has been filed. Next to the
void fraction, the wavelet variance is calculated for each measured capacitance
signal. This variance is indicative of the interfacial activity in the two-phase flow.
The effect on the wavelet variance and void fraction observed upstream of the
return bend was generally limited for both upward and downward oriented flow.
Downstream of the return bend an increase in void fraction and a decrease in
wavelet variance are observed for downward oriented flow. An increase in void
fraction indicates an acceleration of the liquid phase relative to the vapour phase,
which is the result of the separation of the phases in the return bend. It is also this
separation that reduces the interface surface between the phases and suppresses
the interfacial activity which is consistent with a decrease in wavelet variance. For
upward oriented flow, a limited reduction in the void fraction downstream of the
return bend is observed. As the flow is oriented upward, the liquid will be located
at the top of the channel at the bend outlet, causing the liquid to be pulled down
under the influence of gravity. Close to the bend outlet, the wavelet variance is
very similar for upward and downward oriented flow. However, moving further
downstream, the wavelet variance increases rapidly for the upward oriented flow.
This again is a result of the liquid phase being pulled down by gravity causing
intense remixing of the phases. For downward oriented flow, the remixing of the
phases is more gradual and this is also reflected in the wavelet variance which
gradually recovers to the reference level without overshoot. These effects on the
void fraction and wavelet variance are reduced as the radius of the bend is enlarged
or the channel diameter is reduced. Increasing the bend radius decreases the
centrifugal force on the flow in the return bend section and reducing the channel
diameter leads to an increased relative importance of the surface tension. Both
these effects reduce the influence of the return bend on the flow behaviour.
The observed pressure drop is strongly influenced by the flow behaviour,
therefore, it is expected that the pressure drop can be linked to the observed
trends in the flow behaviour. The two-phase flow pressure drop is measured at
several locations up- and downstream of the return bend. Each interval is 30
channel diameters long. The measured pressure drop is the sum of the momentum
pressure drop and frictional pressure drop. Based on the measured void fraction
variation up- and downstream of the return bend, the momentum pressure drop
can be estimated. In this way, the frictional pressure drop can be derived from the
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measurements. As can be expected based on the wavelet variance and void fraction
upstream of the return bend, the frictional pressure drop is practically uninfluenced
upstream. Downstream of the bend section, a decrease in frictional pressure drop
is observed for downward oriented flow, this is consistent with the observed void
fraction increase and suppression of the wavelet variance. For upward oriented
flow, an increase in frictional pressure drop is observed, this increase is more
limited compared to the decrease observed in downward oriented flow. This can
be explained by the behaviour of the wavelet variance showing a decrease close
downstream and an increase further away of the return bend. Hence the average
effect on the pressure drop in the interval will be more moderate. Finally, scatter
plots are made of the average void fraction and the average wavelet variance versus
the frictional pressure drop. This is only done for the interval close downstream
of the return bend, since the other intervals showed little effect of the return bend.
For the average void fraction a moderate to very strong correlation is found with
the frictional pressure drop in downward oriented flow. For upward oriented flow,
where the effect on void fraction and frictional pressure drop is more limited, a
weak to moderate correlation is found between the average void fraction and the
frictional pressure drop. For the average wavelet variance a moderate to strong
correlation is found with the frictional pressure drop for both downward and
upward oriented flow.
Hence in this work it is shown that analysis of the capacitance measurements
close up- and downstream of the return bend can yield more insight in the resulting
frictional pressure drop at these locations. It is also important to note that the effect
of the return bend diminishes as the channel diameter decreases. This is due to an
increase in the relative importance of the surface tension and was also observed in
the flow behaviour (Chapter 8). This is an important observation since the trend
for domestic heat pumps is towards smaller channel diameters.
10.2 Future work
As mentioned in the previous section, the bend effect becomes less important
as the tube diameter is reduced. Given the current evolution towards smaller
channel diameters in domestic heat exchangers, the effect of the return bend
will become less important. Hence, a correlation for the pressure drop close
up- and downstream of a sharp return bend seems to have little use in domestic
applications. However, for other applications such as Organic Rankine Cycles
(ORCs), the common channel diameters are larger compared to domestic
applications. The insights gained with this work can be used to investigate the
bend effect for typical fluids and channel diameters used in ORC applications.
Based on an additional experimental campaign, a correlation for the pressure drop
in ORC heat exchanger can be proposed taking into account the bend effect.
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Another aspect in the design of compact heat exchangers is the effect of the
geometry of the other components. A specific example is the distributor at the
inlet of a fin-and-tube evaporator. In such a distributor, the refrigerant flow is
divided over several parallel circuits. For compact domestic heat exchangers, the
number of these parallel channels will be roughly between 5 and 10. Between
the condenser and evaporator, the pressure is reduced by means of a valve or
a capillary tube. During this pressure reduction, flashing of the refrigerant will
occur and hence a two-phase flow will enter the distributor. In order to attain an
optimal utilization of the heat exchanger surface, it is important that both phases
are distributed evenly over the different circuits. This often proves to be a problem
due to the large density difference between the phases. Many specific distributor
designs exist all meant to facilitate an even distribution of the phases. However,
these designs are made based on experimental findings and have to be designed
for each specific heat exchanger. Gaining a more profound insight in how these
distributors affect the flow would improve the distributor design and the efficient
use of the heat exchanger.
Another issue is the robustness of the sensor probe. At room temperature, it
resists pressures up to 40 MPa. However, at significantly lower (<5○C) or higher
temperatures (>40○C), the different casing material will shrink/expand and tear
away from/put pressure on the epoxy resin in between the plastic parts supporting
the electrodes and the casing. This will cause the epoxy layer to crack and cause
the sensor probe to start leaking. In order to make the probe design more robust,
the use of this epoxy resin should be omitted. An additional point of interest in
making the sensor probe more robust is that the sensitivity of the sensor to void
fraction changes should remain the same.
A
Instrumentation and calibration
A.1 Flow measurements
The refrigerant mass flow meter is a Coriolis type flow meter with the following
specifications:
Bronkhorst CORI-FLOW M55 ABD-55-0, Class A
range: 10-200 kg/h
output: 0-10V
power supply: 15-24 Vdc
accuracy: 0.2% of rate + zero stability
zero stability: <0.100 kg/h
warm-up time: 30 min
The water flow meter for the preheater is also a Coriolis type flow meter by
Bronkhorst:
Bronkhorst CORI-FLOW M55 AGD-55-0, Class A
range: 25-500 kg/h
output: 0-10V
power supply: 15-24 Vdc
accuracy: 0.2% of rate + zero stability
zero stability: <0.100 kg/h
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warm-up time: 30 min
These flow meters are calibrated by the manufacturer. An accuracy of 0.2% ±
0.1/3600 kg/s is used in the uncertainty analysis.
A.2 Pressure measurements
Two gauge pressure transducers are used in the main refrigerant loop, one at the
entrance of the preheater and one at exit of the condenser, these sensors have the
following specifications:
Gems sensors & Control (type 2200RG4B001A3UA)
range: -0.1 to 3.9 MPa (relative)
output: 0-5V
power supply: 6.5-35 Vdc
accuracy: ±0.25% f.s or ± 10 kPa
At the in- and outlet of of both test sections, a gauge pressure transducer is
placed (Figure 5.2). These pressure tranducers have a better accuracy compared to
the ones in the main loop:
GE sensing (type PMP4070)
range: -0.1 to 3.9 MPa (relative)
output: 0-10V
power supply: 15-32 Vdc
accuracy: ± 0.04% f.s. or ± 1.6 kPa
The pressure drop in different intervals up- and downstream of a bend
is measured with two differential pressure transducers, each with a different
measurement range:
Endress+Hauser (type Deltabar S PMD75)
range: 1kPa (transducer 1) - 10kPa (transducer 2)
power supply: 4-20mA
accuracy: ± 0.075% f.s. or ± 0.75Pa (transducer 1) - ± 7.5Pa
(transducer 2)
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A.3 Thermocouple measurements
All temperature measurements throughout the test setup are performed with type K
thermocouples. These thermocouples are calibrated with a dry block temperature
calibrator (Druck DBC 150/650 K400 of GEsensing). The calibration procedure
is the same as used by Canie`re [41]. The integrated controller of this DBC is very
stable, however, the internal Pt-100 inside the device drifts away from the factory
calibration due to ageing. Therefore, an external Pt-100 is used to determine the
calibration temperature, in this case the reference Pt-100 of the Triple Point of
Water Cell maintanance apparatus (Fluke - Hart Scientific 9210) is used. The
Triple Point of Water Cell (TWC, Fluke - Hart Scientific 5901B) itself consists
of a quartz glass cell filled with repetitively distilled ocean water under vacuum
conditions. It is combined with a maintenance apparatus . The TWC is inserted in
the maintanance machine where it is slowly subcooled, after a target temperature
is attained the TWC is removed from the machine and with a short shake of the cell
the triple point of water is attained (0.01 ○C). After this, the TWC is reinserted in
the maintanance machine where it is kept at the triple point for up to 6 hours. This
triple point temperature is directly related to the physical properties of water and
therefore the accuracy is extremely well (±0.0005 ○C) with a drift of only ±0.1
mK/year.During calibration and measurements, the cold junction compensation
junction (CJC) is inserted in the central borehole of the TWC, which is filled with
ethanol to enhance the thermal contact between the junction and the TWC.
For the calibration the temperature of the DBC is set and measured with the
reference probe. The voltages ETC for the thermocouple and ECJC for the cold
junction are measured with a Keithly KE2700 at the 100mV range with an aperture
time of 10 ms. The accuracy of the KE2700 in the range of interest is 30 ppm of
reading + 3.2 µV at 23 ○C ± 5 ○C which corresponds with ± 0.1 ○C kor K-type
thermocouples [41]. The difference dE = ETC - ECJC is used to fit the data
with dT = Tref - 0.01. The uncertainty on the voltage difference is calculated by
comparing the measured difference dEm to the predicted difference dEp as shown
in Eq.A.1.
σdE = ¿ÁÁÀ 1
N − 2 N∑i=1 (dEmi − dEpi)2 (A.1)
The temperature used in the data fitting is the average of ten measurements.
If all these temperature measurements are within ±0.05 ○C of their average, the
measurement is accepted, if not it is rejected. The uncertainty is reduced by
averaging, if all influences of the measurement are included in the distribution
of these ten measurements, the reduction factor is 1/
√
10. However, this is not
the case; an uncertainty in the temperature measurements of ±0.05 ○C is assumed
[41].

B
Experimental uncertainty analysis
B.1 Thermo-physical properties
The thermophysical properties used in the control of the test setup and the
processing of the data are determined through XProps 2.0. This program uses
the National Institute of Standards and Technology (NIST) REFPROP 8 database.
The uncertainty on the properties generated through this database are strongly
dependent on the conditions, the fluid and the requested property. Hence, it is
impossible to give a global statement on the uncertainty of properties determined
with this database [102]. In this section, the uncertainty for some selected
properties in the ranges of interest for this work are given for water and R134a.
B.1.1 Thermo-physical properties of water
The water properties in REFPROP 8 are based on the Helmholtz equation of
state of Wagner and Pruss [103]. The uncertainties for the used properties in the
temperature and pressure range of interest are:
δρL = 0.001%
δρV = 0.05%
δcp,L = 0.1%
δcp,V = 0.2%
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B.1.2 Thermo-physical properties of R134a
The properties of R134a in REFPROP 8 are based on the Helmoltz equation of
state for R134a of Tillner-Roth and Baehr [104]. The uncertainties for the used
properties in the temperature and pressure range of interest are:
δρL = 0.05%
δρV = 0.05%
δcp,L = 0.5%
δcp,V = 0.5%
δh = 0.5%
B.2 Uncertainty of tube diameter and cross section
The copper tubing used in the test setup is standard refrigeration 3/8in. and 1/4in.
tubing. The 3/8in. tubing has an inner diameter of 8 mm and an outer diameter
of 9.52 mm. The 1/4in. tubing has an inner diameter of 4.83 mm and an outer
diameter of 6.35 mm. The standard wall thickness tolerance for these tubes is±0.0025in. or 63.5 µm. However, the diameter of the tubes used for this setup was
measured with a micrometer with an accuracy of 1 µm and the uncertainty on the
tube diameter can be assumed to be 20 µm.
A = piD2
4
(B.3a)
δA = 2piD
4
δD (B.3b)
The cross section of the tube can be calculated with Eq.B.3a and the uncertainty
on this cross section is calculated as shown in Eq.B.3b. For the 8 mm tube a relative
uncertainty δA/A = 0.5% is found and for the 4.83 mm tube δA/A = 0.8%.
B.3 Uncertainty of the mass flux
The refrigerant mass flux G is calculated as the ratio between the refrigerant mass
flow rate m˙R and the cross section of the channel A (Eq.B.4a) and the uncertainty
can be calculated as shown in Eq.B.4b.
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G = m˙R
A
(B.4a)
δG = √( 1
A
δm˙R)2 + (−m˙R
A2
δA)2 (B.4b)
Since the uncertainty on the mass flow rate δm˙R varies with the mass flow rate
m˙R, the uncertainty on the mass flux δG will also vary with the mass flux G.
G D = 8 mm D = 4.83 mm
100 kg/m2s 0.90 % 1.9 %
200 kg/m2s 0.69 % 1.26 %
300 kg/m2s 0.63 % 1.08 %
400 kg/m2s 0.60 % 1.01 %
500 kg/m2s 0.59 % 0.96 %
Table B.1: Relative error on the mass flux G as a function of mass flux G and channel
diameter D
Calculating the uncertainty for a mass flux varying between 100 and 500 kg/m2s
(Table B.1), it can be stated that the relative uncertainty on G is always below 1%
for D = 8 mm and below 2% for D = 4.83 mm.
B.4 Uncertainty of the vapour quality
The vapour quality x at the test section inlet can be calculated through an enthalpy
balance due to the subcooling at the outlet of the condenser (Eq.B.5).
x = (hR,PHout − hR,L)(hR,V − hR,L) (B.5)
The uncertainty on the vapour quality can be found as shown in Eq.B.5.
(δx)2 = ( ∂x
∂hR,PHout
δhR,PHout)2+( ∂x
∂hR,V
δhR,V )2+( ∂x
∂hR,L
δhR,L)2 (B.6)
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Based on Eq.B.5 it can be found that:
∂x
∂hR,PHout
= 1
hR,V − hR,L (B.7a)
∂x
∂hR,V
= −hR,PHout − hR,L(hR,V − hR,L)2 (B.7b)
∂x
∂hR,L
= (− 1
hR,V − hR,L + hR,PHout − hR,L(hR,V − hR,L)2 ) (B.7c)
The uncertainty on the vapour quality thus depends on δhR,V , δhR,L and
δhR,PHout. The uncertainty on hR,V and hR,L depends on the accuracy of the
pressure transducers and the accuracy of the property database. The uncertainty
on hR,PHout depends on the experimental conditions, hence, these conditions
should be chosen with care to minimize the uncertainty on x. The enthalpy at
the preheater outlet hR,PHout and its uncertainty δhR,PHout can be calculated as
shown in Eqs.B.8 and B.9. It is clear that δhR,PHout depends on both δhR,PHin,
δQ and δm˙R. The uncertainty on the refrigerant mass flow rate and inlet enthalpy
is fixed for a given mass flux G and vapour quality x. Hence the uncertainty on
the heat transfer in the preheater should be minimized in order to minimize the
uncertainty on hR,PHout and x.
hR,PHout = hR,PHin + Q
m˙R
(B.8)
(δhR,PHout)2 = (δhR,PHin)2 + ( 1
m˙R
δQ)2 + (− Q
m˙2R
δm˙R)2 (B.9)
The heat transfer in the preheater Q and its uncertainty δQ can be calculated as
shown in Eq.B.10 and Eq.B.11
Q = m˙wcp,w∆T (B.10)
(δQ)2 = (cp,w∆Tδm˙w)2 + (m˙w∆Tδcp,w)2+ (m˙wcp,wδ∆T )2 + (0.02Q)2 (B.11)
The loss of the hot water in the preheater to the environment is estimated to be
lower than 2% of Q. To account for this loss, the term (0.02Q)2 was added to
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Eq. B.11. Substituting Eq.B.10 in Eq.B.11, the following form of Eq.B.11 can be
found:
(δQ)2 = (Qδm˙w
m˙w
)2 + (Qδcp,w
cp,w
)2 + (Qδ∆T
∆T
)2 + (0.02Q)2 (B.12)
If a given mass flux G and vapour quality x is set, Q is fixed and hence the
above equation reduces to:
(δQ)2 = C1 + ( C2
∆T
)2 +C3 (B.13)
In the above equation, C1, C2 and C3 are constants. From this it is clear
that m˙wcp,w should be minimized or that ∆T should be high in or attain a low
uncertainty for Q. The uncertainty on the heat balance is monitored online during
the experimental campaign. Measurements were accepted only if the uncertainty
in the heat balance was smaller than ± 3%, except for very low vapour qualities
where such a low uncertainty could not be attained. Table B.2 shows the values of
the parameters used to determine x, their uncertainty and the resulting x and δx
for 9 data points (DP’s).
184 APPENDIX B
D
P1
D
P2
D
P3
D
P4
D
P5
D
P6
D
P7
m˙
w
[kg/s]
0.105
0.0344
0.0367
0.0580
0.0770
0.0960
0.1130
δm˙
w
[kg/s]
0.2378⋅10 −
3
0.0966⋅10 −
3
0.1012⋅10 −
3
0.1438⋅10 −
3
0.1818⋅10 −
3
0.2198⋅10 −
3
0.2538⋅10 −
3
∆
T
[k]
1.48
2.59
3.10
3.29
4.09
3.61
3.74
δ∆
T
[k]
0.07
0.07
0.07
0.07
0.07
0.07
0.07
Q
[W
]
653
372
475
797
1315
1450
1767
δQ
[W
]
33.7
12.7
14.5
23.5
34.9
40.7
48.8
h
R
,P
H
in
[J/kg]
2.04⋅10
5
2.03⋅10
5
2.04⋅10
5
2.09⋅10
5
2.11⋅10
5
2.16⋅10
5
2.14⋅10
5
δh
R
,P
H
in [J/kg]
1020
1014
1019
1043
1054
1081
1071
h
R
,P
H
o
u
t [J/kg]
2.69⋅10
5
2.39⋅10
5
2.51⋅10
5
2.88⋅10
5
3.41⋅10
5
3.61⋅10
5
3.90⋅10
5
δh
R
,P
H
o
u
t [J/kg]
3519
1627
1780
2588
3686
4250
5044
h
R
,V
[J/kg]
4.07⋅10
5
4.08⋅10
5
4.08⋅10
5
4.08⋅10
5
4.09⋅10
5
4.09⋅10
5
4.09⋅10
5
δh
R
,V
[J/kg]
2038
2037
2039
2042
2044
2046
2046
h
R
,L
[J/kg]
2.22⋅10
5
2.22⋅10
5
2.23⋅10
5
2.24⋅10
5
2.25⋅10
5
2.26⋅10
5
2.26⋅10
5
δh
R
,L [J/kg]
1111
1108
1113
1120
1124
1131
1131
x
[-]
0.11
0.18
0.30
0.40
0.52
0.60
0.70
δx
[-]
0.02
0.01
0.01
0.02
0.02
0.025
0.03
Table
B
.2:
U
ncertainties
on
the
vapour
quality
x
and
the
param
eters
used
to
calculate
x,for
differentdata
points.G
=
200
kg/m
ss
and
D
P
=
data
point.
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B.5 Uncertainty of the void fraction
The capacitance of the flow is measured with the sensor transducer with an
accuracy of ±4 10−15 F. Taking this into account, the uncertainty on the void
fraction due to the uncertainty on the capacitance measurement is δεT = 0.02.
To account for the uncertainty due to the unsteady character of two-phase flow,
5 capacitance signal measurements are made for each setpoint (G,x). For one
measurement the capacitance is logged for 10s and at a frequency of 2kHz. The
void fraction ε reported in this work for a given condition (G,x) is the average of 5
measurements made in this setpoint. The variation between these 5 measurements
is accounted for in the uncertainty on the void fraction measurement δ(ε) in a
similar way as for the differential pressure measurements (Eq.B.14).
δ(ε) = ¿ÁÁÀ(δεT )2 + (2.776 ∗ ωε√
N
)2 (B.14)
In Eq.B.14, N = 5 and ωε is the standard deviation on the average void fraction.
B.6 Uncertainty of measured and calculated pres-
sure drops
In this section the uncertainty of the measured pressure drop δ∆p, the uncertainty
of the momentum pressure drop δ∆pmom and the uncertainty of the frictional
pressure drop δ∆pfrict is discussed. At the end of this section, some sample
calculations are shown in Table B.3.
B.6.1 Uncertainty of differential pressure measurements
Each pressure difference measured is an average value over 10 s at 2500 samples
per second. These values are indicated as ∆p10sec. However, due to the highly
unsteady character of two-phase flow; the pressure difference varies in time, often
by a larger amount than the uncertainty of the pressure transducers. In order to take
this behaviour into account, the pressure drop values ∆p presented in this work
are again the average of five subsequent ∆p10sec values (Eq.B.15). The standard
deviation of this average ω∆p is also calculated. Averaging over a longer period of
time did not significantly affect the average value. The measurements were only
started if the average remained constant for at least 10 minutes, indicating steady
state.
∆p = 1
5
5∑
i=1 ∆p10sec(i) (B.15)
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Since the average of only a small amount of samples (N=5) is taken, a Student’s
t-distribution is assumed. This distribution yields a better estimation of the
probability when the amount of samples is small [105]. This distribution depends
upon the number of degrees of freedom, if the mean of N values is used, there
are N-1 degrees of freedom. Hence in this case there are 4 degrees of freedom.
The measurement uncertainty of the presented pressure drop values is calculated
as shown in Eq.B.16 [105, 106].
δ(∆p) = ¿ÁÁÀ(δpT )2 + (2.776 ∗ ω∆p√
N
)2 (B.16)
In Eq.B.16, δpT stands for the measurement uncertainty of the differential
pressure transducer which is ±0.75 Pa for the low range transducer and ±7.5 Pa
for the high range transducer.
B.6.2 Uncertainty of the momentum pressure drop
The momentum pressure drop is calculated with Eqs. B.17.
∆pmom = G2 ( 1
ρ′in − 1ρ′out ) (B.17a)
ρ′ = [ (1 − x)2
ρL(1 − ε) + x2ρV ε]
−1
(B.17b)
Hence the uncertainty on ∆pmom is found as shown in Eq. B.18.
δ∆pmom =
¿ÁÁÀ(2G( 1
ρ′in − 1ρ′out ) δG)
2 + ( G2
ρ′out2 δρ′out)
2 + ( G2
ρ′in2 δρ′in)
2
(B.18)
The uncertainty on the momentum density δρ′ is calculated as shown in Eq.
B.19, in this equation δx stands for the uncertainty on the vapour quality, δε is the
uncertainty on the void fraction and δρL and δρV stand for the uncertainty on the
liquid phase density and the vapour phase density, respectively.
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(δρ′)2 = ⎡⎢⎢⎢⎢⎢⎢⎣
−1( (1−x)2
ρL(1−ε) + x2ρV ε)2 (
−2(1 − x)
ρL(1 − ε) + 2xρV ε) δx
⎤⎥⎥⎥⎥⎥⎥⎦
2
+ ⎡⎢⎢⎢⎢⎢⎢⎣
−1( (1−x)2
ρL(1−ε) + x2ρV ε)2 (
(1 − x)2
ρL (1 − ε)2 − x
2
ρV ε2
) δε⎤⎥⎥⎥⎥⎥⎥⎦
2
+ ⎡⎢⎢⎢⎢⎢⎢⎣
⎛⎜⎜⎝ 1( (1−x)2ρL(1−ε) + x2ρV ε)2
⎞⎟⎟⎠( (1 − x)
2
ρ2L (1 − ε)) δρL
⎤⎥⎥⎥⎥⎥⎥⎦
2
+ ⎡⎢⎢⎢⎢⎢⎢⎣
⎛⎜⎜⎝ 1( (1−x)2ρL(1−ε) + x2ρV ε)2
⎞⎟⎟⎠( x
2
ρ2V ε
) δρV ⎤⎥⎥⎥⎥⎥⎥⎦
2
(B.19)
B.6.3 Uncertainty of the frictional pressure drop
The frictional pressure drop is calculated as the difference between the measured
pressure drop ∆p and the momentum pressure drop ∆pmom. The uncertainty on
the frictional pressure drop δ∆pfrict can thus be calculated as shown in Eq. B.20.
δ∆pfrict = √(δ∆p)2 + (−δ∆pmom)2 (B.20)
In this equation δ∆p is the uncertainty on the measured pressure drop,
calculated as shown in Eq. B.16 and δ∆pmom is the uncertainty on the momentum
pressure drop calculated with Eq. B.18.
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DP1 DP1 DP3 DP4 DP5
x [-] 22 39 61 82 90
∆p [Pa] 198 614.8 1296.4 1795.3 1956.8
δ∆p[Pa] 4.5 4.8 16.7 24.5 23.1
εin [-] 0.901 0.933 0.957 0.986 0.992
δεin [-] 0.0023 0.0015 0.0014 0.0010 0.0011
εout [-] 0.869 0.927 0.956 0.975 0.983
δεout[-] 0.0040 0.0067 0.0055 0.0076 0.0049
∆pmom [Pa] 102.4 25.8 4.7 41.8 16.7
δ∆pmom [Pa] 16.3 44.0 92.6 168.2 214.3
∆pfrict [Pa] 95.5 589.0 1291.7 1753.5 1940.1
δ∆pfrict [Pa] 16.9 44.3 94.1 170.0 215.5
Table B.3: Uncertainties of the measured and calculated pressure drops for the interval at
location +17D and on the void fraction at the inlet and outlet of the interval. R = 10.2 mm,
D = 8.1 mm, G = 300 kg/m2s and DP = data point.
C
Flow pattern map model of Wojtan,
Ursenbacher and Thome
In this appendix, the flow pattern map model of Wojtan, Ursenbacher and Thome
[61] is summarized. Quite a range of two-phase flow regime maps exist [41], the
one by Wojtan, Ursenbacher and Thome is one of the more recent and widely used
ones. It forms the basis for the two-phase flow frictional pressure drop model by
Moreno-Quibe´n and Thome (Appendix D) and it is used in the flow regime based
calibration technique in Chapter 6.
This flow pattern map model contains the equations to calculate the location of
the boundaries between different flow regimes. Before these boundaries can be
calculated, the void fraction, stratified angle and geometrical parameters need to
be determined. The equations for these parameters are discussed first. With these
parameters, the transition boundaries can then be determined.
C.1 Void fraction
In this model, the void fraction is calculated with the Steiner version of the
Rouhani-Axelsson drift flux void fraction model [64, 65]. This void fraction
model was also used in Chapter 6 of this work as a reference for the void fraction
measurements.
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ε = x
ρV
[(1 + 0.12(1 − x)) ( x
ρV
+ 1 − x
ρL
) + 1.18(1 − x)(gσ(ρL − ρV ))0.25
Gρ0.5L
]−1
(C.1)
C.2 Stratified and dry angles
The stratified angle θstrat (Figure 2.2) is calculated with an approximate
expression by Biberg, the void fraction in this equation is calculated with Eq. C.1.
θstrat = 2pi − 2⎧⎪⎪⎨⎪⎪⎩pi(1 − ε) + (3pi2 )
1
3 [1 − 2(1 − ε) + (1 − ε) 13 − ε 13 ]
− 1
200
(1 − ε)ε [1 − 2(1 − ε)] [1 + 4((1 − ε)2 + ε2)]} (C.2)
The dry angle θdry is derived from the stratified angle and is also used in the
two-phase flow frictional pressure drop model by Moreno-Quibe´n and Thome
(Appendix D). How the dry angle is derived from the stratified angle depends on
the flow regime:
• For slug, intermittent and annular flow the channel perimeter is continuously
wetted and the hence the dry angle is equal to zero.
θdry = 0 (C.3)
• For stratified wavy flow the dry angle is calculated as shown in Eq. C.4. In
this equation Gwavy is calculated with Eq. C.12 and Gstrat is calculated
with Eq. C.13.
θdry = ( Gwavy −G
Gwavy −Gstrat )
0.61
θstrat (C.4)
• For slug-stratified wavy flow the dry angle is calculated with Eq. C.5. In this
equation xIA stands for the vapour quality at which the transition between
the intermittent and annular flow regime occurs and is calculated with Eq.
C.14.
θdry = x
xIA
( Gwavy(xIA) −G
Gwavy(xIA) −Gstrat(xIA))
0.61
θstrat (C.5)
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• For stratified flow the dry angle equals the stratified angle.
θdry = θstrat (C.6)
C.3 Geometrical parameters
Five geometrical parameters are used in this model. They are introduced in this
section. The dimensionless cross sectional area for the liquid phase ALd and the
vapour phase AV d are calculated with Eq. C.7 and Eq. C.8, respectively.
ALd = AL
d2h
= A(1 − ε)
d2h
(C.7)
AV d = AV
d2h
= Aε
d2h
(C.8)
The dimensionless liquid level hLd is calculated with Eq. C.9.
hLd = hL
dh
= 0.5 [1 − cos(2pi − θstrat
2
)] (C.9)
The dimensionless interface perimeter between the two phases Pid can be found
through Eq. C.10.
Pid = Pi
dh
= sin(2pi − θstrat
2
) (C.10)
Finally, the liquid film thickness δ is calculated as shown in Eq. C.11.
δ = dh
2
−¿ÁÁÀ(dh
2
)2 − 2AL
2pi − θdry (C.11)
C.4 Transition boundaries between the flow regimes
With the definitions given in the previous sections, the transition boundaries
between the different flow regimes can now be determined. For the transition
between stratified wavy/intermittent flow to annular flow, the boundary is
found as shown in Eq. C.12. In this equation WeL represents the liquid Weber
number (Eq. 2.21) and FrL represents the liquid Froude number (Eq. 2.19).
Gwavy = 50 + ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
16A3V dgdhρLρV
x2pi2 (1 − (2hLd − 1)2)0.5 [
pi2
25h2Ld
(WeL
FrL
)−1 + 1]⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
0.5
(C.12)
The stratified wavy flow region in the flow map is divided into three parts:
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• For G > Gwavy(xIA) the slug flow region is found
• For Gstrat < G < Gwavy(xIA) and x < xIA the slug/stratified-wavy flow
region is found
• For x ≥ xIA the stratified-wavy flow region is found
The boundary between stratified and stratified-wavy flow is found through
Eq. C.13. In this equation Gstrat = Gstrat(xIA) for x < xIA.
Gstrat = (226.32ALdA2V dρV (ρL − ρV gµL)
x2(1 − x)pi3 )
1
3
(C.13)
The transition between intermittent and annular flow is located at a fixed
vapour quality value xIA (Eq. C.14). This boundary is extended up to the
intersection with Gstrat.
xIA = (0.34 10.875 (ρV
ρL
) −11.75 (µV
µL
) −17 +1)−1 (C.14)
The boundary between annular flow and the dryout regime is calculated with
Eq. C.15.
Gdryout = [ 1
0.235
(ln(0.58
x
) + 0.52)( dh
ρV σ
)−0.17
⋅ ( 1
gdhρV (ρL − ρV ))
−0.37 (ρV
ρL
)−0.25 ( q′′
q′′crit )
−0.7⎤⎥⎥⎥⎥⎦
0.926 (C.15)
In the above equation, q′′crit stands for the critical heat flux which is determined
with Eq. C.16.
q′′crit = 0.131ρ0.5V hLV [gσ(ρL − rhoV )]0.25 (C.16)
The vapour quality at which the dryout starts xdi and at which it ends xde can
be calculated with Eqs. C.17 and C.18.
xdi = 0.58e[0.52−0.235We0.17V Fr0.37V ( ρVρL )0.25( q′′q′′crit )0.25] (C.17)
xde = 0.61e[0.57−5.8⋅10−3We0.38V Fr0.15V ( ρVρL )0.09( q′′q′′crit )0.27] (C.18)
The transition boundary between the dryout regime and mist flow can be
calculated with Eq. C.19.
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Gmist = [ 1
0.0058
(ln(0.61
x
) + 0.57)( dh
ρV σ
)−0.38
( 1
gdhρV (ρL − ρV ))
−0.15 (ρV
ρL
)0.09 ( q′′
q′′crit )
−0.27⎤⎥⎥⎥⎥⎦
0.943 (C.19)
For a high vapour quality x, the following rules apply:
• If Gstrat(x) ≥ Gdryout(x) then Gdryout(x) = Gstrat(x)
• If Gwavy(x) ≥ Gdryout(x) then Gwavy(x) = Gdryout(x)
• If Gdryout(x) ≥ Gmist(x) then Gdryout(x) = Gmist(x)

D
Two-phase flow frictional pressure
drop model by Moreno-Quibe´n and
Thome
The two-phase flow frictional pressure drop model for horizontal straight tubes by
Moreno-Quibe´n and Thome [9], is a flow regime based model. This means that the
model contains several equations to calculate the pressure drop, each for a specific
flow regime or group of flow regimes. Hence, the model will be discussed for each
flow regime separately.
D.1 Annular flow
For the annular flow regime, the pressure drop is determined through Eq.D.1.
∆pA = 4fA L
dh
ρV u
2
V
2
(D.1)
In this equation, the friction factor for annular flow fA is calculated with Eq.D.2,
L in the interval length over which the pressure drop is calculated, dh is the
hydraulic diameter (Eq.2.11) and uV is the true mean velocity of the vapour phase
(Eq.2.6).
fA = 0.67 [ δ
dh
]1.2 [(ρL − ρV )gδ2
σ
]−0.4 [µV
µL
]0.08We−0.034L (D.2)
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In Eq.D.2, the filmthickness δ is calculated as shown in Eq.D.3 and WeL is the
liquid Weber number (Eq.2.21). For the annular flow regime, the dry angle θdry in
Eq.D.3 is equal to zero (Figure 2.2).
δ = dh
2
−¿ÁÁÀ(dh
2
)2 − 2AL
2pi − θdry (D.3)
D.2 Slug and intermittent flow
The pressure drop for slug and intermittent flows ∆pSL,I is calculated as a
waighted average between the pressure drop for annular flow ∆pA and the pressure
drop for liquid single phase flow ∆pL,SP as shown in Eq.D.4. This approach
avoids a pressure drop jump at the transition to annular flow and for x = 0 the
single phase liquid pressure drop is found. The weighing is based on the void
fraction ε and εIA is the void fraction at the intermittent - annular flow boundary.
∆pSL,I = ∆pL,SP (1 − ε
εIA
)0.25 +∆pA ( ε
εIA
)0.25 (D.4)
Th single phase liquid pressure drop ∆pL,SP is calculated as shown in Eq.D.5.
∆pL,SP = 4fL,SP ( L
dh
) ρLu20L
2
(D.5)
In this equation, u0L is the single phase velocity (Eqs.2.4) and the single phase
liquid friction factor fL,SP is calculated as shown in Eq.D.6. In this equation,
Re0L is the Reynolds number referred on the single phase liquid velocity u0L.
fL,SP = 0.079
Re0.250L
(D.6)
D.3 Stratified wavy flow
The pressure drop for stratified wavy flow ∆pwavy is calculated with Eq.D.7.
∆pwavy = 4fwavy ( L
dh
) ρV u2V
2
(D.7)
The friction factor fwavy is a weighted average between the single phase vapour
friction factor fV,SP (Eq.D.9) and the annular friction factor fA (Eq.D.2). The
weighing is based on the relative dry angle θ∗dry = θdry/(2pi). The dry angle θdry
is calculated according to Section C.2.
fwavy = θ∗dryfV,SP + (1 − θ∗dry)fA (D.8)
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fV,SP = 0.079
Re0.250V
(D.9)
D.4 Slug stratified wavy flow
The pressure drop for slug stratified wavy flow ∆pssw (Eq.D.10) is the result of
a void fraction based interpolation between the liquid single phase pressure drop
∆pL,SP (Eq.D.5) and the pressure drop for stratified wavy flow ∆pwavy (Eq.D.7).
∆pssw = ∆pL,SP (1 − ε
εIA
)0.25 +∆pwavy ( ε
εIA
)0.25 (D.10)
D.5 Mist flow
In mist flow, the liquid phase is suspended in the vapour phase as a fine mist.
For this reason, the flow is regarded as a single phase flow with average fluid
properties. The homogeneous flow theory was used to predict the two-phase flow
pressure drop for mist flow ∆pmist (Eq.D.11).
∆pmist = 4fmist ( L
dh
) G2
2ρmist
(D.11)
The mean density for the mist flow ρmist (Eq.D.12) is calculated as an
interpolation between the liquid and vapour density based on the homogeneous
void fraction εH (Eq.D.13).
ρmist = ρL(1 − εH) + ρV εH (D.12)
εH = [1 + ρV (1 − x)
ρLx
]−1 (D.13)
The mist flow friction factor fmist is calculated as shown in Eq.D.14. In this
equation, Remist (Eq.D.15) is the mist flow Reynolds number.
fmist = 0.079
Re0.25mist
(D.14)
Remist = Gdh
µmist
(D.15)
µmist = µL(1 − x) + µvx (D.16)
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D.6 Dryout
To avoid any jumps in the pressure gradient at the boundary between different flow
regimes, the pressure drop for dryout ∆pdryout is calculated as an interpolation
between the pressure drop at dryout inception (∆ptp(xdi)) and dryout end
(∆pmist(xde)).
∆pdryout = ∆ptp(xdi) − x − xdi
xde − xdi (∆ptp(xdi) −∆pmist(xde)) (D.17)
Note that the flow pattern at dryout inception can be either annular flow (∆ptp =
∆pA) or stratified wavy flow (∆ptp = ∆pwavy).
D.7 Stratified flow
For stratified flow the pressure drop ∆pstrat is calculated differently if the vapour
quality is greater or equal to xIA compared to when the vapour quality is below
xIA.
• If x ≥ xIA
∆pstrat = 4fstrat L
dh
ρV u
2
V
2
(D.18)
fstrat = θ∗stratfV + (1 − θstrat)fA (D.19)
• If x < xIA
∆pstrat = ∆pL,SP (1 − ε
εIA
)0.25 +∆pstrat(x ≥ xIA) ( ε
εIA
)0.25 (D.20)
E
Effect of saturation temperature
The measurements presented up until now are performed at an inlet temperature of
15○C. At lower temperatures the measuring range is limited. A first reason for this
is the chiller used to cool the cold water cycle of the test setup. This chiller can cool
the water-glycol mixture to a temperature of -7○C. As the inlet temperature of the
test section decreases, the temperature at the test section outlet will also naturally
decrease. This effect is further intensified because the pressure drop increases with
decreasing temperature. A second consideration in setting the inlet temperature is
the structural integrity of the sensor probe. As mentioned in Chapter 6 an epoxy
resin is used to fill the gap between the sensor casing and the 3D-printed parts
which hold the electrodes. This epoxy layer fills up all the gaps and it is an easy
way to make the probe leak free. A drawback of this resin is that it is quite brittle.
When the probe is cooled, its components will start to shrink to a different extent.
This can cause the epoxy to crack due to which the epoxy will start to leak. Hence
the temperature of the refrigerant flowing in the probe should not be too low, for
otherwise it could be detrimental to the sensor probe.
A limited data set was recorded for a inlet temperature of 10○C, for a bend probe
withR = 11 mm andD = 8 mm. In this appendix, the measurements are compared
with those for the same geometry at a saturation temperature of 10○C.
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E.1 Flow behaviour
In this section the measured void fraction and wavelet variances are shown and
compared to the measurements at 15○C. All measurements are performed for
downward oriented flow for a return bend with R = 11 mm and a channel diameter
D = 8 mm.
E.1.1 Void fraction
Figure E.1 compares the void fraction measurements at the reference location for
both saturation temperatures, no significant difference is present.
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Figure E.1: Reference void fraction at Tsat = 10○C and Tsat = 15○C
Figure E.2 compares the void fraction at two upstream locations of the return
bend for Tsat = 10○C. No significant difference is observed, this was also the case
for the measurements at T = 15○C as shown in Figure 8.17
Figure E.3 compares the void fraction measurements at different downstream
locations at Tsat = 10○C. Close downstream of the return bend, an increase in the
void fraction is observed for vapour qualities below 40-60%.
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Figure E.2: Void fraction at upstream locations for Tsat = 10○C
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0 20 40 60 80 100
0
0.2
0.4
0.6
0.8
1
x [%]
ε 
[−]
 
 
−34.5D
2.5D
8.5D
34.5D
81D
(b) G = 300 kg/m2s
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(c) G = 400 kg/m2s
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Figure E.3: Void fraction at downstream locations for Tsat = 10○C
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This increase in void fraction is consistent with an acceleration of the liquid
phase relative to the the vapour phase (Eq. 8.4). Similar trends are observed
for Tsat = 15○C as shown in Figure 8.22. To asses whether the effect on the
void fraction is similar for both saturation temperatures, the ratio between the
void fraction at location +2.5D and the reference location is shown in Figure E.4.
This Figure shows that there is no significant difference between the void fraction
increase close downstream at Tsat = 10○C compared to the ratio at Tsat = 15○C.
0 20 40 60 80 100
0.9
1
1.1
1.2
1.3
1.4
x [%]
S 
[−]
 
 
T = 15°C
T = 10°C
(a) G = 200 kg/m2s
0 20 40 60 80 100
0.9
1
1.1
1.2
1.3
1.4
1.5
x [%]
S 
[−]
 
 
T = 15°C
T = 10°C
(b) G = 300 kg/m2s
0 20 40 60 80 100
0.8
1
1.2
1.4
1.6
x [%]
S 
[−]
 
 
T = 15°C
T = 10°C
(c) G = 400 kg/m2s
0 20 40 60 80 100
0.5
1
1.5
2
2.5
x [%]
S 
[−]
 
 
T = 15°C
T = 10°C
(d) G = 500 kg/m2s
Figure E.4: Void fraction ratio for Tsat = 10○C and Tsat = 15○C
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E.1.2 Wavelet variance
Figure E.5 compares the wavelet variance at the reference location for Tsat
= 10○C and Tsat = 15○C. These curves don’t coincide perfectly but are quite
similar. The differences can be attributed to the difference in properties at different
temperatures.
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(b) τ5 = 16, f5 = 44.19 Hz
0 20 40 60 80 100
0
0.5
1
1.5
2
x 10−3
x [%]
ν 
[−]
 
 
T = 15°C
T = 10°C
(c) τ6 = 32, f6 = 22.10 Hz
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Figure E.5: Reference wavelet variance for G = 300 kg/m2s at Tsat = 10○C and Tsat =
15○C
Figure E.6 compares the wavelet variance at upstream locations of the return
bend for Tsat = 10○C. Close to the return bend a slight increase in the wavelet
variance is observed, which is only significant for τ4. A similar behaviour is
observed at Tsat = 15○C as shown in Figure 8.38.
Figure E.7 compares the wavelet variance at different downstream locations
for Tsat = 10○C. Close downstream a peak in the wavelet variance is observed at
low vapour quality and a decrease in wavelet variance is observed for the higher
vapour quality range. Moving further downstream, the peak at low vapour quality
disappears but the decrease at higher vapour qualities remains. This behaviour is
very similar to the behaviour observed for Tsat = 15○C as shown in Figure 8.43.
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Figure E.6: Wavelet variance for G = 300 kg/m2s at upstream locations for Tsat = 10○C
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(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
0 20 40 60 80 100
0
1
2
3
4
5
x 10−3
x [%]
ν 
[−]
 
 
−34.5D
2.5D
8.5D
34.5D
81D
(d) τ7 = 64, f7 = 11.05 Hz
Figure E.7: Wavelet variance for G = 300 kg/m2s at downstream locations for Tsat =
10○C
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To asses whether the effect of the return bend on the wavelet variance is the
same for the measurements at Tsat = 10○C and Tsat = 15○C, the ratio of the
wavelet variance close downstream of the return bend (+2.5D) and the reference
measurement is compared for both temperatures in Figure E.8. As shown in this
figure, practically no significant difference is observed between the effect of the
return bend on the wavelet variance at different temperatures.
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Figure E.8: Wavelet variance ratio for G = 300 kg/m2s at Tsat = 10○C and Tsat = 15○C
E.2 Pressure drop
Due to the change in the phase properties with changing temperature, the pressure
drop values are expected to differ for different saturation temperatures. However,
both the reference measurements for Tsat = 10○C and Tsat = 15○C agree with the
pressure drop predicted by the model by Moreno-Quibe´n and Thome [9] as shown
Figure E.9.
Figure E.10 shows the frictional pressure drop ratios for Tsat = 10○C. The main
effect is observed close downstream of the return bend, where the pressure drop
is significantly decreased compared to the reference value. Upstream of the return
bend a slight increase in the pressure drop is observed. These trends are also
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Figure E.9: Comparison between the measured pressure drop and the predicted pressure
drop
observed for Tsat = 15○C as shown in Figure 9.4.
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Figure E.10: Frictional pressure drop ratios for Tsat = 10○C
To assess whether the bend affect downstream of the return bend is similar for
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both temperatures, the pressure drop ratios for this location are plotted together in
Figure E.11. The pressure ratio for location +17D shows a very similar behaviour
for both temperatures. For Tsat = 10○C the ratio is slightly higher compared to
Tsat = 15○C, this could be due to the increase of surface tension as the temperature
is lowered.
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Figure E.11: Comparison of frictional pressure drop ratio at location +17D for Tsat =
10○C and Tsat = 15○C

F
Wavelet variance at different mass
fluxes
For the sake of simplicity, the calculated wavelet variances are only shown for G
= 300 kg/m2s in Chapter 8. In this appendix, the wavelet variance at the remaining
mass fluxes is compared. The main aim in this comparison is to show whether
the effect of the return bend on the wavelet variance close downstream of the
return bend is the same for different mass fluxes. To perform this comparison in
a compact way, a comparison between the average downstream wavelet variance
and the reference measurement is made. The average downstream wavelet variance
νAVG is the average of the wavelet variance at locations 2.5D and 34.5D (Eq. F.1).
To asses the effect of the return bend on this average wavelet variance, the ratio S
of this average and the reference value measured far upstream (Eq. F.2) is plotted
at several mass fluxes.
νAVG = ν2.5D + ν34.5D
2
(F.1)
S = νAVG
νREF
(F.2)
For each geometry and flow orientation, this comparison is made. These figures
are shown for completeness and without any extra explanation, for they all show
that there are only limited differences in the effect of the bend on the wavelet
variance as a function of the mass flux.
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F.1 R = 11 mm, D = 8 mm, downward oriented flow
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(a) τ4 = 8, f4 = 88.39 Hz
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Figure F.1: Ratio between the average downstream wavelet variance νAVG and the
reference value for downward oriented flow through a bend with R = 11 mm and D = 8
mm, 2R/D = 2.75
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F.2 R = 11 mm, D = 8 mm, upward oriented flow
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(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
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(c) τ6 = 32, f6 = 22.10 Hz
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Figure F.2: Ratio between the average downstream wavelet variance νAVG and the
reference value for upward oriented flow through a bend with R = 11 mm and D = 8 mm,
2R/D = 2.75
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F.3 R = 12.5 mm, D = 8 mm, downward oriented
flow
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(a) τ4 = 8, f4 = 88.39 Hz
0 20 40 60 80 100
0
1
2
3
4
5
6
7
8
x [%]
S 
[−]
 
 
200 kg/m²s
300 kg/m²s
400 kg/m²s
500 kg/m²s
(b) τ5 = 16, f5 = 44.19 Hz
0 20 40 60 80 100
0
1
2
3
4
5
6
7
8
x [%]
S 
[−]
 
 
200 kg/m²s
300 kg/m²s
400 kg/m²s
500 kg/m²s
(c) τ6 = 32, f6 = 22.10 Hz
0 20 40 60 80 100
0
1
2
3
4
5
6
7
8
x [%]
S 
[−]
 
 
200 kg/m²s
300 kg/m²s
400 kg/m²s
500 kg/m²s
(d) τ7 = 64, f7 = 11.05 Hz
Figure F.3: Ratio between the average downstream wavelet variance νAVG and the
reference value for downward oriented flow through a bend with R = 12.5 mm and D = 8
mm, 2R/D = 3.13
WAVELET VARIANCE AT DIFFERENT MASS FLUXES 213
F.4 R = 12.5 mm, D = 8 mm, upward oriented flow
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(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
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Figure F.4: Ratio between the average downstream wavelet variance νAVG and the
reference value for upward oriented flow through a bend with R = 12.5 mm and D = 8
mm, 2R/D = 3.13
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F.5 R = 15.9 mm, D = 8 mm, downward oriented
flow
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(a) τ4 = 8, f4 = 88.39 Hz
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Figure F.5: Ratio between the average downstream wavelet variance νAVG and the
reference value for downward oriented flow through a bend with R = 15.9 mm and D = 8
mm, 2R/D = 3.95
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F.6 R = 15.9 mm, D = 8 mm, upward oriented flow
0 20 40 60 80 100
0
1
2
3
4
5
6
7
8
x [%]
S 
[−]
 
 
200 kg/m²s
300 kg/m²s
400 kg/m²s
500 kg/m²s
(a) τ4 = 8, f4 = 88.39 Hz
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(b) τ5 = 16, f5 = 44.19 Hz
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Figure F.6: Ratio between the average downstream wavelet variance νAVG and the
reference value for upward oriented flow through a bend with R = 15.9 mm and D = 8
mm, 2R/D = 3.95
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F.7 R = 7.8 mm, D = 4.83 mm, downward oriented
flow
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Figure F.7: Ratio between the average downstream wavelet variance νAVG and the
reference value for downward oriented flow through a bend with R = 7.8 mm and D =
4.83 mm, 2R/D = 3.23
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F.8 R = 7.8 mm,D = 4.83 mm, upward oriented flow
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Figure F.8: Ratio between the average downstream wavelet variance νAVG and the
reference value for upward oriented flow through a bend with R = 7.8 mm and D = 4.83
mm, 2R/D = 3.23
218 APPENDIX F
F.9 R = 10.7 mm, D = 4.83 mm, downward oriented
flow
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Figure F.9: Ratio between the average downstream wavelet variance νAVG and the
reference value for downward oriented flow through a bend with R = 10.7 mm and D =
4.83 mm, 2R/D = 4.43
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F.10 R = 10.7 mm, D = 4.83 mm, upward oriented
flow
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Figure F.10: Ratio between the average downstream wavelet variance νAVG and the
reference value for upward oriented flow through a bend with R = 10.7 mm and D = 4.83
mm, 2R/D = 4.43
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• De Kerpel K., Ameel B., T´ Joen C., Canie`re H. and De Paepe M. Flow
regime based calibration of a capacitive void fraction sensor for small di-
ameter tubes. International Journal of Refrigeration, 36(2):390 - 401, 2013.
• De Kerpel K., Ameel B., Huisseune H., T´Joen C., Canie`re H. and De Paepe
M. Two-phase flow behaviour and pressure drop of R134a in a smooth hair-
pin. International Journal of Heat and Mass Transfer, 55(4):1179 - 1188,
2012.
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G.2 Other publications in peer reviewed interna-
tional journals
• De Schampheleire S., De Kerpel K., De Jaeger P., Huisseune H., Ameel B.,
De Paepe M. Buoyancy Driven Convection in Open-cell Aluminium Foam
Using the Volume Averaging Technique. Applied Thermal Engineering;
79:225 - 233, 2015.
• De Schampheleire S., De Kerpel K., Deruyter T., De Jaeger P. and De
Paepe M. Experimental Study of Small Diameter Fibres as Wick Material for
Capillary-driven Heat Pipes. Applied Thermal Engineering; 78:258 267,
2015.
• De Schampheleire S., De Jaeger P., Huisseune H., Ameel B., T´Joen C.,
De Kerpel K. and De Paepe M. Thermal hydraulic performance of 10 PPI
aluminium foam as alternative for louvered fins in an HVAC heat exchanger.
Applied Thermal Engineering; 51(1-2):371 - 382, 2013.
• Ameel B., T´Joen C., De Kerpel K., De Jaeger P., Huisseune H., Van
Belleghem M. and De Paepe M. Thermodynamic analysis of energy storage
with a liquid air Rankine cycle. Applied Thermal Engineering, 52(1):130 -
140, 2013.
• De Schampheleire S., De Jaeger P., Reynders R., De Kerpel K., Ameel B.,
T´Joen C. and De Paepe M. Experimental study of buoyancy-driven flow
in open-cell aluminium foam heat sinks. Applied Thermal Engineering,
59(1-2):30 - 40, 2013.
• Ameel B., De Kerpel K., Canie`re H., T´Joen C., Huisseune H. and De Paepe
M. Classification of two phase flows using linear discriminant analysis and
expectation maximization clustering of video footage. International Journal
of Multiphase Flow, 40:106 - 112, 2012.
G.3 Related publications in proceedings of interna-
tional conferences
• De Kerpel K., De Paepe M. Analysis of Two-Phase Flow Behaviour in
a Sharp Return Bend using Capacitive Measurements. International Heat
Transfer Conference, Proceedings. Kyoto, Japan: International heat transfer
conference, 2014.
• De Kerpel K., De Keulenaer T., De Schampheleire S., De Paepe M. Two-
phase flow behaviour in a smooth hairpin tube: analysis of the disturbance
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using capacitive measurements. 10th International Conference on Heat
Transfer, Fluid Mechanics and Thermodynamics, Proceedings. Orlando,
Florida, USA, p. 1314 - 1321, 2014.
• De Kerpel K., De Groof C., Dreesen M., De Keulenaer T., De Paepe M.
Capacitive sensor measurements on two-phase flow in smooth return bends.
8th World Conference on Experimental Heat Transfer, Fluid Mechanics and
Thermodynamics, Proceedings. Lisbon, Portugal, 2013.
• De Kerpel K., De Groof C., Dreesen M., De Keulenaer T., De Paepe M.
Two phase flow behaviour in a smooth hairpin tube. 4th IIR Conference
on Thermophysical Properties and Transfer Processes of Refrigerants,
Proceedings. Delft, Netherlands, p. 227 - 234, 2013.
• De Kerpel K., De Paepe M. Void fraction measurements of refrigerant flow in
small diameter tubes using a capacitive sensor. 9th International Conference
on Heat Transfer, Fluid Mechanics and Thermodynamics, Proceedings.
Malta, p. 258 - 266, 2012.
• De Kerpel K., Canie`re H., De Paepe M. Capacitive void fraction measure-
ment technique for refrigerant flow in small diameter tubes. 6th European
Thermal Sciences Conference, Proceedings. Poitiers, France, 2012.
• De Kerpel K., Ameel B., Canie`re H, De Paepe M. Study of two-phase
flow in hairpins by means of image processing and pressure drop measure-
ments. Multiphase Flow in Industrial Plants, 12th International conference,
Proceedings. Ischia (Napoli), Italy, 2011.
• De Kerpel K., Ameel B., Canie`re H., De Paepe M. Pressure drop
and flow behaviour of refrigerant two phase flow in a smooth hair-
pin. 8th International Conference on Heat Transfer, Fluid Mechanics and
Thermodynamics, Proceedings. Pointe Aux Piments, Mauritius, p. 257 -
263, 2011.
• De Kerpel K., Ameel B., Canie`re H., De Paepe M. Study of two phase flow
in hairpins by means of image processing and pressure drop measurements.
International Institute of Refrigeration (IIR) Congress of Refrigeration,
Proceedings. Prague, Czech Republic, p. 1365 - 1373, 2011.
G.4 Patent applications
• De Kerpel K., De Paepe M. and Canie`re H. Methods and Systems for Char-
acterizing Void Fractions of a Substance Flowing in a Channel. Publication
number: WO2013178813 A1. Application number: PCT/EP2013/061323.
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